Award  Number: 


AD 


W81XWH-07- 1-0181 
TITLE : 

MODULATION  OF  STEM  CELLS  DIFFERENTIATION  AND  MYOSTATIN  AS  AN 
APPROACH  TO  COUNTERACT  FIBROSIS  IN  MUSCLE  DYSTROPHY  AND 
REGENERATION  AFTER  INJURY 

PRINCIPAL  INVESTIGATOR: 

Nestor  F.  Gonzalez-Cadavid,  PhD 

CONTRACTING  ORGANIZATION: 

Charles  Drew  University 
Los  Angeles,  CA  90059 

REPORT  DATE: 

March  2009 


TYPE  OF  REPORT: 
Annual 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT: 

Approved  for  public  release;  distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1.  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE  3.  DATES  COVERED  (From  -  To) 

01- 03- 2009  Annual  03/1/08  to  02/28/09 


4.  TITLE  AND  SUBTITLE 


5a.  CONTRACT  NUMBER 


MODULATION  OF  STEM  CELLS  DIFFERENTIATION  AND  MYOSTATIN  AS  AN  APPROACH  TO 
COUNTERACT  FIBROSIS  IN  MUSCLE  DYSTROPHY  AND  REGENERATION  AFTER  INJURY 


5b.  GRANT  NUMBER 

W81XWH-07-1-0181 


5c.  PROGRAM  ELEMENT  NUMBER 


6.  AUTHOR(S) 

Nestor  F.  Gonzalez-Cadavid 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Charles  Drew  University  (CDU) 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


Los  Angeles,  CA  90059 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel 
Port  Detrfik,  Maryland  21702-5012 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


14.  ABSTRACT 

During  Year  2  we  have  confirmed  that  muscle  derived  stem  cells  (MDSC)  obtained  from  the  wild  type  (wt)  mouse  skeletal  muscle  have  in 
vitro  a  long-term  myogenic  capacity,  but  restricted  to  passages  10  to  about  40-45  or  earlier.  The  in  vitro  yield  of  myotubes  from  wt  MDSC 
expressing  myosin  heavy  chain  II  was  not  modified  even  at  the  optimal  myotube  forming  capacity  at  early  passages,  by  any  of  the  several 
agents  that  had  previously  failed  at  suboptimal  myogenic  capacity  at  late  passages,  namely  myostatin,  myostatin  antibodies,  Mst  shRNA, 
Mst  cDNA,  T3,  follistatin,  testosterone  or  TGF(31.  However,  a  PDE5  inhibitor  that  increases  cGMP  and  dimethylsulfoxide,  a  modulator  of 
embryonic  stem  cell  differentiation,  did  upregulate  the  number  of  myotubes  from  wt  MDSC.  These  MDSC  differentiated  in  vitro  into  cells 
expressing  cardiomyocyte  markers,  and  in  vivo  stimulated  the  formation  of  myofibers  in  the  rat  skeletal  muscle  and  of  smooth  muscle  and 
epithelial  cells  in  other  organs.  However,  MDSC  from  the  mdx  or  the  Mst  ko  mouse  did  not  form  myotubes  or  express  MyoD  in  vitro  under 
optimal  myogenic  conditions  for  wt  MDSC.  Cultures  of  multipotent  cells  have  also  been  obtained  from  the  skeletal  muscle  and  other  tissues 
of  the  Oct-4  Pr-gfp  transgenic  mouse,  visualized  by  green  fluorescence,  and  are  currently  been  characterized  to  determine  whether  they  are 
more  efficient  in  myogenesis  than  the  pP6  MDSC.  Their  selective  loss  may  explain  the  myogenic  deficiency  of  mdx  and  Mstko  MDSC.  The 
study  of  the  association  of  myostatin/follistatin  expression  in  vivo  with  the  fibro-adipogenic  degeneration  in  mdx  muscle  is  ongoing. 


15.  SUBJECT  TERMS 

Myostatin,  muscle  dystrophy,  stem  cells,  myogenesis,  Oct-4 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

UU 

64 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Page 


Introduction . 4 

Body . 5 

Key  Research  Accomplishments . 12 

Reportable  Outcomes . 13 

Conclusion . 14 

References . 15 

Appendices . 50 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


INTRODUCTION 

The  overall  objective  of  this  grant  is: 

To  investigate  in  the  mdx  mouse  a  novel  therapeutic  approach  for  Duchenne’s  muscular 
dystrophy  (DMD)  based  on  the  inhibition  of  myostatin  (Mst)  expression  and/or  activity,  for  the 
alleviation  of  fibrotic  and  fatty  degeneration  of  the  muscle,  that  would  also  facilitate  the  differentiation 
of  transplanted  dystrophin+  (D+)  muscle-derived  stem  cells  (MDSC),  in  order  to  ameliorate  disease 
progression. 

This  will  be  achieved  by:  a)  comparing  the  in  vitro  myogenic  and  fibrogenic/adipogenic 
potential  of  MDSC  from  D-/Mst+,  D+/Mst+  or  D+/Mst-  mice;  b)  blocking  myostatin  expression  by  gene 
transfer  of  myostatin  short  hairpin  RNA  (Mst  shRNA),  or  transplantation  of  D+  MDSC  engineered  with 
Mst  shRNA,  and  measuring  the  myogenic/fibroadipogenic  balance,  dystrophin  expression,  and 
muscle  function;  and  c)  combining  this  with  the  inhibition  of  myostatin  activity  by  follistatin. 

Since  there  were  several  pitfalls  that  have  delayed  the  in  vitro  work,  the  specific  objectives  to 
be  fulfilled  in  Years  1  and  2,  were: 

Objective  1.  To  determine  in  vitro  whether  the  inhibition  of  myostatin  in  MDSC  from  dystrophic 
and  normal  gastrocnemius:  a)  improves  the  balance  between  myogenic  and  fibro-adipogenic 
differentiation;  b)  occurs  via  Smad  pathways  and  involves  paracrine  interactions. 

Task  1:  To  assess  the  influence  of  dystrophin  or  myostatin  deficiency  on  the  myogenic 
and  fibro-adipogenic  potential  of  stem  cell-enriched  cultures  from  gastrocnemius 

The  gastrocnemius  will  be  excised  from  3  month  old  mdx  mice,  and  from  Mst(+/+)  and  Mst(-/-) 
mice(n=8/group,  total  24  mice).  MDSC  will  be  isolated  (pP6  fraction),  followed  by  Sca1+  selection, 
and  tested  for  myogenic,  fibrotic  (myofibroblast),  and  adipogenic  differentiation,  in  monocultures,  and 
in  dual  cultures  for  paracrine  and  yuxtacrine  interactions  with  C2C12  myoblasts. 

Cell  markers  throughout  this  proposal  will  be  compared  by  immunocytochemistry  (ICC)  or  dual 
fluorescence,  combined  with  quantitative  image  analysis  (QIA),  and/or  quantitative  western  blot  and/or 
real  time  RT/PCR. 

Outcomes:  A)  Cell  type  characterization:  a)  yield  and  replication  rate;  b)  stem  cells  (Seal, 
CD34)  and  satellite  cells  (Pax7);  B)  TGFp  family  expression:  myostatin  and  TGFpi;  C)  Lineage 
commitment:  a)  myogenesis,  by  MyoD  (early),  myogenin  (intermediate),  and  MHC  II  (late);  b) 
fibrogenesis  by  alpha  smooth  muscle  actin  (ASMA)  and  collagen  I/Ill  ratio;  c)  adipogenesis  by  Oil- 
Red-0  count,  PPARy,  and  C/EBPa 

Task  2.  To  assess  the  influence  of  blocking  myostatin  activity  and/or  expression  on  the 
myogenic  and  fibro-adipogenic  potential  of  stem  cell-enriched  cultures  from  dystrophic  and 
wild  type  gastrocnemius,  and  whether  this  process  is  affected  by  the  Smad  pathway 

MDSC  from  the  1)  mdx,  and  2)  Mst(+/+)  groups  (Task  1),  will  be  subjected  to  anti-myostatin 
treatments  and  tested  for  differentiation  as  in  Task  1:  a)  anti-myostatin  antibody;  b)  follistatin;  c) 
transfection  with  AdV-Mst  shRNA.  Controls  will  be  MDSC  from  the  3)  Mst(-/-)  group,  with  either:  d) 
recombinant  myostatin  (Mst-110);  or  b)  transfection  with  AdV  cDNA  for  myostatin  (AdV-Mst  cDNA), 
with  and  without  plasmid  Smad7  cDNA,  and  tested  as  in  Task  1. 

Outcomes:  A)  TGFp  family  expression:  myostatin  and  TGFpi;  B)  Lineage  commitment:  a) 
myogenesis  by  MHC  II;  b)  fibrogenesis  by  ASMA;  c)  adipogenesis  by  Oil-Red-O  count.;  C)  Smad 
pathway:  Smad  members  and  their  phosphoproteins 

Objective  2.  To  compare  in  vivo  the  markers  of  fibro-adipogenic  degeneration  of 
gastrocnemius  and  diaphragm  in  the  mdx  mouse,  and  to  ameliorate  this  process  by  inhibiting 
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myostatin  expression  through  gene  transfer  or  implantation  of  ex  vivo  engineered  MDSC,  combined  or 
not  with  blockade  of  myostatin  activity. 

Task  3.  To  compare  the  molecular  markers  of  fibro-adipogenic  infiltration  of  the  non- 
injured  and  regenerating  gastrocnemius  and  diaphragm  in  the  mdx  mouse  in  relation  to  the 
myostatin/follistatin  ratio 

Series  1:  10.5-month  old  mdx  mice  will  be  injected  with  notexin  in  the  gastrocnemius  of  one 
leg;  Series  2:  mice  will  receive  notexin  on  the  hemi-diaphragm.  Mice  groups  (n=6/sub-group,  total:  66 
mice)  will  be  sacrificed  at  2,  5,  7,  14,  28,  and  42  days  (after  intra-tail  injection  of  Evans  blue).  The  14 
and  45  days  groups  in  series  1  will  be  injected  in  the  gastrocnemius  with  a  collagen  I  promoter-p 
galactosidase  DNA  construct  5  days  prior  to  sacrifice.  Blood  and  muscles  will  be  obtained,  using 
contralateral  intact  muscles  as  controls. 

Outcomes:  A)  TGFp  family  expression  and  stem  cells:  myostatin,  TGFpi,  Seal;  follistatin;  B) 
Myofiber  content/  regeneration:  MHC  II,  and  muscle  weights;  number  of  central  nuclei;  cross-sectional 
area  of  myofibers;  and  serum  creatine  kinase;  C)  Fibrotic  infiltration:;  by  ASMA  and  Masson  trichrome 
(interstitial  area)/Evans  blue  (necrosis)  staining,  collagen  synthesis  by  luminometry,  and  content  by 
hydroxyproline;  c)  Adipogenic  infiltration  by  Oil-Red-O  count  in  frozen  not  fixed  sections. 

The  predicted  Milestones  for  Years  1  and  2  are: 

Year  1:  Tasks  1  and  2:  24  mice.  Milestones.  A)  In  vitro  comparison  of  myogenic,  fibrogenic 
and  adipogenic  potential  of  stem  cells  from  intact  and  regenerating  muscle  from  mdx,  wt  and  Mst(-/-) 
mice;  b)  effects  on  these  differentiation  potentials  produced  by  blocking  myostatin  and  its  Smad 
pathway. 

Year  2:  Task  3  and  part  of  4:  86  mice.  Milestones:  A)  association  of  myostatin/follistatin 
expression  in  vivo  with  the  fibro-adipogenic  degeneration  in  mdx  muscle  with  and  without  injury;  B) 
start  effects  on  mdx  muscle  repair  by  Mst  siRNA  and  stem  cells  programmed  or  not  with  this 
construct;. 

TEXAS  RED  DAPI  MERGED 

MHCII 

BODY 

Objectives  1  and  2 

Wild  type  MDSC. 

MDSC  are  the 
main  tool  of  the  current 
grant,  as  obtained  from 
the  wild  type,  mdx  and 
Mstko  mice.  Therefore, 
despite  the  study  of  their 
in  vitro  conversion  was 
initially  planned  to  finalize 
in  Year  1,  Tasks  1  and  2 
have  continued  during 
Year  2,  and  still  there  are 
unexpected  pitfalls,  or 
rather  a  behavior  towards 
modulating  agents,  that 
need  to  be  resolved. 

The  abstract  A-5 
reported  during  Year  1  as 


HIND- 

LIMB 


Fig.  1.  DAPI-labeled  MDSC  implanted  into  the  rat  skeletal  muscle 
differentiated  into  myofibers.  Top  and  middle:  the  levator  ani  of  rats  subjected 
to  bilateral  nerve  resection.  Bottom:  gastrocnemius  of  the  same  rats.  4  weeks 
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showing  that  MDSC  (pP6  fraction  in  the  preplate  procedure)  from  the  wild  type  mice  (wt  MDSC) 
convert  in  vitro  and  in  vivo  into  different  lineages, 
including  smooth  muscle  and  epithelial  cells,  by 
implantation  into  the  injured  rat  vagina,  was  now 
expanded.  This  includes  a  quantitative  assessment  of 
their  ability  to  combat  fibrosis  in  vivo  (P-4),  very  pertinent 
to  their  potential  effects  on  the  mdx  muscle.  In  turn,  other 
experiments  have  shown  that  when  they  are  implanted 
into  the  rat  levator  ani,  a  sexually  dimorphic  skeletal 
muscle,  and  into  the  gastrocnemius,  they  can  presumably 
convert  into  myotubes.  This  is  presented  on  Fig.  1,  where 
DAPI  labeled  MDSC  implanted  into  these  skeletal 
muscles  integrate  within  myofibers  stained  for  myosin 
heavy  chain  II  by  immuno-histochemistry  with 
streptavidin-bound  Texas  red  and  biotynilated  secondary 
antibody. 

The  mouse  wt  MDSC  were  also  tested  for  their 
ability  to  regenerate  cardiomyocytes  in  the  heart  of  rats 
undergoing  myocardial  infarction  by  coronary  ligation, 
both  by  themselves  or  in  the  presence  of  treatment  with  a  PDE5  inhibitor  (sildenafil)  that  we  showed 
in  vitro  to  stimulate  myogenesis  (see  below)  and  that  we  aim  to  apply  in  vivo  to  the  mdx  mouse.  We 

gave  the  mouse  MDSC,  and  we  also  prepared  MDSC 
from  the  rat  skeletal  muscle  that  are  able  to  generate 
cardiomyocytes  in  vitro,  as  judged  by  GATA-4 
staining  in  immunocytochemistry  (Fig.  2).  Preliminary 
results  have  been  obtained  just  from  the  first  arm  of 
the  study  with  only  pharmacological  treatment  (A-6) 
that  confirm  the  antifibrotic  effects  of  raising  cGMP 
levels,  a  procedure  that  also  stimulates  in  vitro 
myogenesis  (see  below).  The  second  arm,  with  the 
mouse  and  rat  MDSC  is  ongoing,  and  we  cannot  at 
this  moment  predict  whether  this  antifibrotic  effect  will 
be  enhanced  by  the  combinations  with  stem  cells,  or 
exerted  by  them  alone,  but  this  is  the  new  approach 
that  we  intend  to  apply  to  the  mdx  mouse  based  on 
our  in  vitro  experiments  for  skeletal  myogenesis 
(see  below). 

In  vitro,  wt  MDSC  have  repeatedly  been 
shown  to  replicate  actively  and  when  confluent  and 
maintained  for  12-20  days,  to  form  in  DMEM  10% 
fetal  serum, numerous  large  and  branched  myotubes, 
that  are  considerably  multinucleated  (Fig.  3).  This  is 
reproducible  by  multiple  operators,  also  in  this  case, 
where  Hedrick's  medium  was  used.  Very 
surprisingly,  this  multipotency  only  was  evident  after 
passage  10  and  lasted  for  about  40-45  passages, 
when  myotubes  slowly  ceased  to  be  formed  and  only 
very  small  MHC  polynucleated  cells  were  seen. 

This  passage-dependence  of  wt  MDSC  was 
only  noticed  during  Year  2,  when  the  time-course 
records  were  examined  carefully,  and  therefore  the 
previously  reported  failure  (Year  1)  of  different 


Fig.  3.  wt  MDSC  in  vitro  convert  into  large  poly¬ 
nucleated  myotubes.  Staining  for  MHC-II.  Top: 
200X;  bottom:  400X 


Figure  2.  MDSC  in  vitro  convert  into  cells 
expressing  the  cardiomyocyte  marker  GATA- 

4.  4  weeks  of  incubation  in  DMEM10%  in  the 
presence  of  DMSO 
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wt 


mdx 


treatments  to  modulate  MDSC  myogenesis  was  assumed  to  be  due  to  having  used  late  passage 
cultures.  Incubations  of  the  pP6  fraction  containing  MDSC  were  then  systematically  repeated,  but  at 
earlier  passages  (25-35)  with  recombinant  myostatin,  antibodies  against  myostatin,  Mst  shRNA,  Mst 
cDNA,  testosterone,  and  follistatin,  but  again  none  was  conclusively  demonstrated  by  quantitative 
immunohistochemistry  and  western  blot  for  MHC-II  and  MyoD,  to  modulate  myotube  formation.  ASMA 
as  a  myofibroblast  marker  (cell  key  in  fibrosis)  was  also  evaluated  and  shown  to  be  expressed,  but  no 
lipogenic  marker  was  included  after  showing  that  these  cells  do  not  undergo  adipogenesis  even  in 
adipogenic  medium. 

Therefore,  other  agents  unrelated  to  the  TGFp/myostatin  family,  and  not  initially  envisaged, 
were  tested,  to  try  to  find  positive  modulators  of  wt  MDSC  conversion  into  myotubes  for  their  potential 
application  on  the  mdx  and  Mstko  MDSC.  Based  on  this  group  previous  studies  on  fibrosis  and 
smooth  muscle  protective  in  other  organs,  molsidomine  as  a  nitric  oxide  donor,  and  tadalafil,  a  long- 
acting  PDE5  inhibitor,  both  antifibrotic  agents,  were  tested.  This  was  done  in  comparison  with 
dimethylsulfoxide  (DMSO),  a  differentiation  agent  for  embryonic  stem  cells.  Both  tadalafil  and  DMSO 
considerably  increased  MHC-II+  myotube  formation  in  vitro  after  2  weeks  of  incubation  in  DMEM-10% 
serum  and  Hedrick's  medium. 


40X 


200X 


W  wa  r: 


On  the  other  hand,  we  examined  also  the  ability  of 
TGFpi,  related  to  myostatin,  and  of  T3, 
because  of  the  latter  effect  on  ocular 
muscle  enlargement,  on  myotube  formation 
by  wt  MDSC.  However,  other  than 
occasionally  inducing,  in  the  case  of  T3, 
unusually  large  myotubes,  no  significant 
modulatory  effects  could  be  detected  by 
quantitative  image  analysis  or  western  blot. 

We  also  tested  one  by  one  the 
myogenic  ability  of  the  side  fractions  pPI 
through  pP6  in  Hedrick's  medium  that  was 
very  effective  for  pP6,  and  could  not  detect 
any  myogenic  differentiation  of  wt  MDSC. 
This  suggests  that  either  MDSC  or  satellite 
cells  were  not  present  in  any  of  these 
fractions,  or  were  gradually  outgrown  by 
other  cell  types. 

Collectively  these  results  indicate 
that  MDSC  (pP6  fraction):  1)  in  vitro  have  a 
long-term  myogenic  capacity,  but  that  starts 
out  after  at  least  10  passages  from  the  time 
the  culture  was  established  and  gradually 
fades  away,  for  reasons  not  yet  known, 
after  passages  40-45;  2)  with  the  possible 
exception  of  tadalafil  (increasing  cGMP) 
and  DMSO,  no  other  agents  could  be  found 
to  substantially  and  reproducibly  modulate 
in  vitro  myogenesis;  3)  is  the  only  pre¬ 
plating  cell  population  that  differentiated  into 
MHC-II+  myotubes,  or  into  any  other  form  of  visually  identifiable  polynucleated  myotubes;  4)  in  vivo 
they  were  shown  to  repair  skeletal  muscle,  smooth  muscle,  and  epithelial  tissues  in  various  organs 


mm 


sr? 


Fig.  4  Although  wt  MDSC  form  myotubes  in  vitro  at 
passage  13,  mdx  MDSC  fail  to  convert  into  myotubes. 

incubations  were  carried  out  for  14  days  and  stained  for 
MHC-II 


Mdx  and  Mstko  MDSC 
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The  previously  reported  failure  (Year  1)  of  these  MDSC  to  generate  MHC-II+  myotubes  or  to 
activate  MyoD  expression  in  vitro  at  early  passages  (up  to  5)  was  surprising  since  although  dystrophin 
depletion  may  be  responsible  for  the  inability  of  mdx  MDSC  to  undergo  differentiation  and/or 
subsequent  cell  fusion,  it  is  counterintuitive  that  the  absence  of  myostatin  in  Mstko  MDSC  would 
prevent  myogenesis.  In  addition  these  cultures  grow  much  slower  than  the  wt  pP6,  again 
counterintuitive  for  Mstko  MDSC  because  of  the  well  known  role  of  myostatin  in  inhibiting  myoblast 
replication. 

Therefore,  we  repeated  these  experiments  assuming  that  the  passage  number  was  a  factor 
and  it  has  to  be  over  10,  but  so  far  even  at  passage  13  no  myotubes  were  obtained  with  mdx  MDSC. 
This  is  shown  on  Fig.  4,  where  despite  wt  pP6  formed  typical  MHC-II+  myotubes,  not  a  single  one 
occurred  with  mdx  MDSC,  and  only  sporadic  mononucleated  cells  showed  some  MHC-II  expression. 
In  addition,  the  morphology  is  totally  different.  Mstko  are  now  being  tested  at  passage  13.  None  of  the 
mdx  or  Mstko  pP1-5  fractions  formed  myotubes  either. 

Alternative  in  vitro  approaches 


In  order  to  determine  whether  the  pre-plating  procedure  of  isolation  of  pP6  may  discard  a 
population  of  pluripotent  cells  that  are  much  smaller,  and  therefore  detach  more  easily  in  the  mdx  or 
Mstko  muscle  cell  cultures  than  in  the  wt  muscle  cell  cultures,  we  looked  for  an  alternative  procedure 
of  isolation.  This  is  based  on  the  utilization  of  the  Oct-4  Pr-gfp  transgenic  mouse,  that  expresses 
green  fluorescent  protein  under  the  control  of  the  gene  promoter  for  Oct-4,  a  key  factor  in  embryonic 
and  adult  stem  cell  activation.  As  reported  im-Year  1,  MDSC  were  shown  to  express  Oct-4  bv  RT/PCR 
and  western  blot,  —  210  112111 
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in  renal  and  penile 
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identification  was  the  subject  of  two  related  abstracts,  A7  and  A8,  that  identified  Oct-4+  cells  in  those 
tissues  and  demonstrated  their  multipotent  features  and  the  fact  that  their  number  is  modulated  by  an 
underlying  histopathology  and  restored  by  pharmacological  treatment.  The  endogenous  cells 
resemble  the  very  small  embryonic-like  stem  cells  (VSEL)  described  in  several  adult  tissues.  In  Year 
1  we  located  these  cells  in  vivo  in  the  skeletal  muscle  around  myofibers. 

These  findings  inspired  the  application  of  the  same  methodology  to  fully  characterize  Oct-4+ 
cells  along  the  pre-plating  fractions  from  the  wild  type  mouse  skeletal  muscle.  We  observed  that  these 
cells  were  identified  better  by  easy  detachment  once  plated  in  every  pP2-pP6  fraction,  size,  and 
morphology,  than  by  their  accumulation  in  the  late  pP4-pP6  fractions,  i.e.,  they  are  dispersed  all  along 
the  different  fractions.  Fig.  5  shows  that  among  the  muscle  pP6  enriched  in  these  easily  detachable 
small  cells  by  a  special  procedure  there  are  many  intensively  green  fluorescent  cells,  or  Oct-4+  cells. 
We  have  tested  their  myogenic  ability,  but  so  far  (only  passage  6)  they  have  not  generated  myotubes, 
what  is  expected  on  the  basis  of  what  we  learned  with  the  standard  pre-plating  procedures. 


Fig.  5.  Oct-4  expressing  cells  obtained  from  the  skeletal  muscle  of  the  transgenic 
Oct-4  Pr  gfp  mouse  are  detectable  by  green  fluorescence  but  at  early  passage 
they  fail  to  undergo  myogenesis. 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


Another  alternative  we  are  exploring,  to  improve  the  in  vivo  efficiency  of  stem  cell  regeneration 
of  damaged  muscle  in  the  mdx  mouse,  is  the  use  of  iPS  (induced  pluripotent  stem  cells)  obtained 
from  keratinocytes,  in  collaboration  with  Dr.  Iszpirua  Belmonte  from  the  Salk  Institute.  The  submitted 
grants  (see  list)  focus  on  tissues  other  than  the  skeletal  muscle,  but  we  intend  to  apply  similar 
approaches  to  prevent  or  repair  muscle  necrosis  in  the  mdx  mouse  if  the  regulat  MDSC  or  the  Oct-$+ 
muscle  cells  are  not  effective. 

Objective  3 

The  experiment  to  compare  the  molecular  markers  of  fibro-adipogenic  infiltration  of  the  non- 
injured  and  regenerating  gastrocnemius  and  diaphragm  in  the  mdx  mouse  in  relation  to  the 
myostatin/follistatin  ratio  is  now  ongoing,  but  using  younger  mice  (5  months  old),  to  avoid  waiting  5 
more  months  for  pursuing  the  stem  cell/pharmacological  treatment  of  the  mdx  mouse. 

Plan  for  Year  3 

It  will  focus  on  all  the  in  vivo  experiments  planned  for  tasks  3  (completion)  and  4,  and  part  of  5. 
The  host  skeletal  muscle  paracrine  and  juxtacrine  influences  affected  by  the  pharmacological  and 
biological  modulators,  planned  in  the  grant  for  the  treatment  of  the  mdx  skeletal  muscle,  may 
overcome  in  vivo  the  relative  resistance  of  wt  MDSC  to  potential  upregulators  of  myogenesis  and 
inhibitors  of  fibrosis.  The  latter  may  include  PDE5  inhibitors  (not  originally  envisaged)  that  have 
already  been  tested  in  the  heart  in  the  model  of  myocardial  infarction,  replacing  those  that  are  less 
likely  to  be  effective. 

We  will  continue  in  parallel  with  the  remaining  in  vitro  experiments  based  on  dual  incubations 
of  wt  MDSC  with  the  mdx  and  Mstko  MDSC,  to  determine  whether  paracrine  and  juxtacrine 
modulation  can  be  detected  in  vitro,  and  we  will  compare  these  three  types  of  MDSC  by  applying  DNA 
microarrays  to  try  to  gain  a  preliminary  insight  on  whether  a  differential  transcriptional  signature  may 
explain  the  mdx  and  Mstko  resistance  to  myogenesis.  We  will  also  go  on  with  the  skeletal  muscle  Oct- 
4+  cells  characterization  from  the  three  skeletal  muscles  to  ascertain  whether  a  selective  loss  of  the 
small  cells  similar  to  VSEL  may  explain  these  differences. 

A  budget  carry  forward  from  Year  2  to  3  may  allow  to  increase  the  %  effort  of  some  personnel 
to  accomplish  as  much  as  possible  these  goals. 

Papers  (see  appendix) 

Paper  P-4  Summary.  Stimulating  vaginal  repair  in  rats  through  skeletal  muscle-derived 
stem  cells  seeded  on  small  intestinal  submucosal  scaffolds 

Objectives:  Grafts  are  used  for  vaginal  repair  after  prolapse,  but  their  use  to  carry  stem  cells 
to  regenerate  vaginal  tissue  has  not  been  reported.  In  this  study,  we  investigated  whether:  a)  muscle 
derived  stem  cells  (MDSC)  grown  on  small  intestinal  submucosa  (SIS)  generate  SMC  in  vitro  and 
upon  implantation  in  a  rat  model  of  vaginal  defects;  b)  express  markers  applicable  to  the  in  vivo 
detection  of  vaginal  endogenous  stem  cells;  and  c)  stimulate  the  repair  of  the  vagina. 

Methods:  Mouse  MDSC  grown  on  monolayer,  SIS  or  polymeric  mesh,  were  tested  for  cell 
differentiation  by  immunocytochemistry  (ICC),  western  blot  and  RT/real  time  PCR.  Stem  cell  markers 
were  screened  by  DNA  microarrays  followed  by  RT/PCR,  ICC,  and  western  blot.  Rats  that  underwent 
hysterectomy  and  partial  vaginectomy  were  left  as  such,  or  implanted  in  the  vagina  with  DAPI-labeled 
MDSC  on  SIS,  or  SIS  without  MDSC,immunosuppressed,  and  sacrificed  at  2-8,  weeks. 
Immunofluorescence,  hematoxylin/  eosin,  and  Masson  trichrome  were  applied  to  tissue  sections. 

Results:  MDSC  cultures  on  monolayer  and  on  scaffolds  differentiate  into  SMC,  as  shown  by 
a-smooth  muscle  actin  (ASMA),  calponin,  and  smoothelin  markers.  MDSC  express  embryonic  stem 
cell  markers  Oct-4  and  nanog.  Dual  DAPI/ASMA  fluorescence  indicated  MDSC  conversion  to  SMC. 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


MDSC/SIS  stimulated  vaginal  tissue  repair,  including  keratin-5  positive  epithelium  formation,  and 
prevented  fibrosis,  at  4  and  8  weeks.  Oct-4+  putative  endogenous  stem  cells  were  identified. 

Conclusions:  MDSC/SIS  implants  stimulate  vaginal  tissue  repair  in  the  rat,  thus  autologous 
MDSC  on  scaffolds  may  be  a  promissory  approach  for  the  treatment  of  vaginal  prolapse. 

Abstracts 

Abstract  A-6.  Pharmacological  stimulation  of  NO/cGMP  levels  as  a  novel  therapeutic 
approach  for  myocardial  infarction  in  a  rat  model. 

Background.  Inducible  nitric  oxide  synthase  (iNOS)  is  expressed  during  urogenital  fibrosis, 
and  iNOS  inhibition  with  L-NIL  exacerbates  fibrosis.  Overexpression  of  iNOS  reduces  fibrosis  through 
nitric  oxide  (NO)  and  cGMP  production.  Long-term  oral  PDE5  inhibitors  prevent  fibrosis  via  cGMP 
increase.  NO  and  cGMP  protect  cardiomyocytes  in  vitro,  and  daily  injection  of  sildenafil  reduces 
cardiac  fibrosis  after  myocardial  infarction  in  a  mouse  model,  but  functional  improvement  is  marginal 
and  partially  inhibited  by  L-NIL. 

Objectives.  To  determine  whether  the  protective  iNOS-dependent  effects  of  sildenafil  can  be 
conclusively  demonstrated  in  the  widely  used  rat  model  of  myocardial  infarction,  by  defining  a  larger 
set  of  outcomes. 

Methods.  Male  rats  were  subjected  to  echocardiography  to  determine  the  cardiac  ejection 
fraction  and  to  proximal  ligature  of  the  left  coronary  artery,  followed  by  randomization  into  the 
following  groups  (n=6/group):  1)  "controls";  2)  "high  oral  sildenafil":  10  mg/kg/day;  3)  "low  oral 
sildenafil",  3  mg/kg/day;  4)  "low  oral  sildenafil-L-NIL",  as  #3,  with  L-NIL,  10  mg/kg/day.  At  1  and  4 
weeks  echocardiographies  were  repeated,  and  rats  were  sacrificed.  Paraffin  embedded  sections  from 
the  left  ventricle  were  subjected  to  histo-  or  immunohisto-chemistry  and  quantitative  image  analysis 
(QIA)  for:  Picrus  Sirius  red  for  collagen;  TGFpi;  a-smooth  muscle  actin  (myofibroblasts);  apoptotic 
index;  and  troponin  T  for  cardiomyocytes. 

Results.  Apex  ejection  fractions  (means+/-SEM),  with  some  animals  still  ongoing,  are  as 
follows  for  groups:  A)  Basal:  1-4):  88.2+/-1.8;  1  wk:  1)  39.6+/-2.8;  2)  56.8+/-4.2;  3)  39.2+/-3.6;  4) 
39.9+/-7.7;  4  wks:  1)  49.5+/-2.3;  2)  48.8+/-4.3;  3)  49.5+/-8.9;  4)  40.3+/-4.7.  Percent  increases  for  4 
wks  compared  to  1  wk  were:  1)126+/-6;  2)  *87+/-8;  3)  126+/-19;  4)  *86+/-17.  *:  p<0.05  against  1). 
Long-term  sildenafil  treatment  reduced  infarction  size  in  a  process  that  was  not  affected  by  inhibition 
of  iNOS  activity.  Accumulation  of  myofibroblasts  in  the  infarction  area  was  considerably  reduced  by 
low  and  high  doses  of  sildenafil,  and  these  effects  were  iNOS-independent. 

Conclusions.  The  postulated  beneficial  effects  of  long-term  daily  administration  of  sildenafil 
on  cardiac  function  after  AMI  in  mice  were  not  reproducible  in  the  rat  model,  despite  the  considerable 
iNOS-independent  reduction  of  infarction  size  and  amelioration  of  fibrosis.  This  suggests  that  cGMP 
may  not  prevent  the  loss  of  cardiomyocytes  or  restore  their  number  in  the  rat  model,  and  that  this 
process  is  more  critical  than  fibrosis  for  the  impairment  of  cardiac  function  post  AMI  (pending  tests).  In 
addition,  cardiac  function  in  the  mouse  may  be  more  responsive  to  sildenafil  than  in  the  rat,  or  lower 
doses  may  have  to  be  tested  in  the  rat. 

Abstract  A-7.  Activation  of  the  Oct-4  gene  identifies  stem  cells  in  the  kidney  that  are 
reduced  by  type  2  diabetes  mellitus  in  a  process  counteracted  by  a  PPARy  ligand 
independently  from  glycemic  control. 

Objectives.  Endogenous  stem  cells  have  been  reported  in  the  adult  human  and  rodent 
kidney,  sharing  the  expression  of  Oct-4  and  other  embryonic  genes  with  the  “Very  Small  Embryonic- 
Like  (VSEL)”  stem  cells  detected  in  many  adult  organs.  Diabetic  nephropathy  is  ameliorated  in  type  2 
diabetic  rats  by  pioglitazone,  a  PPARy  ligand,  at  doses  that  do  not  normalize  glycemia.  We 
investigated  whether  a  transgenic  mouse  expressing  green  fluorescent  protein  (gfp)  under  the  Oct-4 
gene  promoter  (Oct-4  Pr-gfp)  may  be  used  to  characterize  kidney  stem  cells,  and  whether  the  renal 
effects  of  diabetes  and  pioglitazone  are  partially  due  to  their  modulation  of  these  stem  cells. 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


Methods.  Kidney  tissue  sections  from  the  Oct-4  Pr-gfp  mouse  labeled  with  DAPI-(nuclear  blue 
fluorescence)  were  examined  for  green  fluorescence.  Putative  gfp+  stem  cells  were  isolated  from 
fresh  tissue  by  differential  attachment  on  monolayer,  and  assayed  in  several  cell  differentiation  media 
for  dual  green/red  immunofluorescence  for  a-smooth  muscle  actin,  calponin,  vimentin,  nephrin, 
aquasporin-2,  von  Wildebrandt  factor,  and  PPARy  (number  of  positive  cells),  and  by  western  blot. 
DAPI-labeled  cells  were  injected  into  the  kidney  of  intact  wild  type  mice  or  after  ischemia-reperfusion, 
assaying  cell  differentiation  at  2  weeks.  Quantitative  immunohistochemistry  for  Oct-4  was  applied  to 
kidney  sections  from  lean  Zucker  rats  (LZR),  diabetic  ZDF  fa/fa  rats  (ZDFR),  and  ZDFR  treated  with 
0.001%  pioglitazone  in  the  chow  for  4.5  months  (n=8  rats/group). 

Results.  Oct-4  gfp+  cells  were  detected  in  the  Oct-4  Pr-gfp  mouse  kidneys.  In  culture,  gfp+ 
cells  resembled  VSEL  stem  cells,  formed  spheroids,  and  were  PPARy+.  They  differentiated  into  renal, 
endothelial,  and  smooth  muscle  cells,  and  myofibroblasts,  by  turning  off  gfp  expression,  that  often 
coexisted  with  the  differentiated  cell  marker.  Implanted  Oct-4+  cells  were  detected  in  the  mouse 
kidney,  and  endogenous  Oct-4+  cells  were  located  in  the  tubules  of  the  LZR.  Their  number  was 
reduced  in  the  ZDRF  and  pioglitazone  partially  restored  Oct-4+  cells  at  doses  that  ameliorated  the 
nephropathy  without  normalizing  glycemia. 

Conclusions.  This  is  the  first  report  on:  a)  the  characterization  by  the  activation  of  the  Oct-4 
gene  promoter  of  endogenous  renal  stem  cells,  b)  the  down-regulation  of  renal  Oct-4+  cells  by  type  2 
diabetes;  and  c)  the  partial  preservation  of  Oct-4+  cells  by  pioglitazone  that  may  explain  its  protective 
effects  on  the  diabetic  kidney. 

Abstract  A-8.  Characterization  of  endogenous  stem  cells  from  the  mouse  penis  that 
express  an  embryonic  stem  cell  gene  and  undergo  differentiation  into  several  cell  lineages 

Objectives.  Very  small  embryonic-like  (VSEL)  stem  cells  expressing  embryonic  markers, 
specifically  Oct  4,  have  recently  been  found  in  many  adult  organs.  We  have  previously  isolated 
endogenous  multipotent  cells  from  the  human  penile  tunica  albuginea,  and  detected  cells  in  the  rat 
tunica  albuginea  and  corpora  cavernosa  that  express  stem  cell  markers.  We  and  others  have 
demonstrated  that  stem  cells  from  other  organs  implanted  in  the  rat  corpora  cavernosa  regenerate 
smooth  muscle  cells  (SMC)  and  neural  cells  and  correct  erectile  dysfunction.  The  current  work 
determined  whether  VSEL  are  present  in  penile  tissues,  and  by  using  a  transgenic  mouse  that 
expresses  gfp  under  the  control  of  the  Oct  4  promoter  (Oct  4  Pr-gfp  mouse)  we  isolated  and  tested 
these  cells  for  multipotency  both  in  vitro  and  in  vivo. 

Methods.  Shaft  penile  tissue  sections  from  the  rat  and  wild  type  (WT)  mouse  were 
immunostained  for  Oct  4,  and  fresh  tissues  were  subjected  to  RT/PCR  and  western  blot  for  Oct4  and 
other  embryonic  stem  cell  markers.  Penile  shaft  and  crura  frozen  sections  from  the  Oct  4  Pr-gfp 
mouse  were  examined  for  cellular  green  fluorescence,  and  fresh  tissues  were  subjected  to  a  modified 
stem  cell  isolation  procedure.  pPI  to  pP6  and  related  cultures  from  the  “pre-plating”  procedure  were 
assayed  in  several  media  for  multiple  cell  differentiation  by  avidin-Texas  red  immunofluorescence  for 
a-smooth  muscle  actin,  calponin,  vimentin,  troponin  T,  myosin  heavy  chain-1 1 ,  and  other  markers. 
DAPI-labeled  cultures  were  injected  into  the  corpora  cavernosa  (0.3x1 05)  of  WT  mice  and  penile 
tissues  were  excised  at  7  and  14  days  to  check  for  cell  differentiation. 

Results.  Oct  4  +  cells  and  Oct  4  mRNA  and  protein  were  detected  in  the  rat  and  WT  mouse 
tunical  and  corporal  tissues.  Very  small,  easily  detachable  green  fluorescent  cells  with  a  large  nuclei, 
that  eventually  formed  embryonic-like  spheroids  were  shown  to  differentiate  into  SMC,  myofibroblasts, 
and  cardiomyocytes.  Differentiation  slowly  turned  off  Oct  4  expression,  but  it  remained  active  in  many 
cells  concurrently  with  the  differentiated  marker.  Implanted  cells  also  differentiated  in  vivo  in  the  WT 
mouse  corpora  cavernosa. 

Conclusions.  This  is  the  first  report  on  the  isolation  and  characterization  of  embryonic-like 
endogenous  stem  cells  from  penile  tissues.  Dormant  endogenous  stem  cells  are  potential  targets  for 
pharmacological  activation  aimed  to  non-invasive  repair  of  penile  tissue  to  treat  erectile  dysfunction 
and  Peyronie’s  disease. 


Principal  Investigator:  Gonzalez-Cadavid,  Nestor  F. 


Abstract  A-9.  Modulation  of  cell  lineage  commitment  by  skeletal  muscle  derived  stem 
cells,  MDSC,  from  mdx  and  myostatin  knockout  mice 

Background.  Muscle  lipofibrotic  degeneration  characterizes  Duchenne  muscular  dystrophy 
(DMD),  hampers  cell  therapy  in  the  muscle,  and  is  a  feasible  therapeutic  target.  Myostatin  (Mst),  a 
negative  regulator  of  muscle  mass,  is  antimyogenic  and  stimulates  fibrogenic  and  adipogenic 
differentiation  of  stem  cells.  Inhibiting  myostatin  in  the  DMD  model,  the  mdx  mouse,  improves 
myogenesis  and  reduces  fibrosis. 

Goals.  To  investigate  in  the  mdx  mouse  a  novel  therapy  for  DMD  based  on  the  inhibition  of 
myostatin,  for  the  alleviation  of  muscle  lipofibrotic  degeneration,  and  stimulation  of  myogenesis  by 
implanted  muscle-derived  stem  cells  from  wild  type  mice  (Wt  MDSC).  This  is  achieved  by:  a) 
comparing  the  in  vitro  myogenic  and  fibrogenic/adipogenic  potential  of  Wt,  Mst  ko,  and  mdx  MDSC;  b) 
blocking  myostatin  by  follistatin,  myostatin  short  hairpin  RNA  (Mst  shRNA),  or  implantation  of  MDSC 
engineered  with  Mst  shRNA,  and  measuring  the  myogenic/  fibroadipogenic  balance  and  muscle 
function. 

Brief  description  of  methodologies.  MDSC  isolated  from  the  three  mouse  strains  (pP6  pre¬ 
plate  fraction)  were  tested  for  myogenesis,  fibrogenesis,  and  adipogenesis,  in  the  presence  of  anti- 
myostatin  antibody,  follistatin,  or  myostatin,  or  by  transfection  with  AdV-Mst  shRNA  or  AdV-Mst  cDNA, 
comparing  with  TGFpi,  T3,  and  a  nitric  oxide  donor.  Wt  MDSC  were  implanted  into  various  tissues  in 
the  rat  to  assess  their  tissue  repair  capacity.  MDSC  isolated  from  a  transgenic  mouse  expressing  gfp 
under  the  embryonic  Oct-4  gene  promoter  were  implanted  into  mdx  and  Wt  mice.  Tissue  fibrosis  and 
cell  death  in  intact  and  injured  mdx  muscles  are  being  studied  at  several  periods.  Cell  markers  were 
compared  by  quantitative  immunocytochemistry  dual  fluorescence,  and/or  quantitative  western  blot 
and/or  real  time  RT/PCR. 

Results  to  date.  Non-confluent  Wt  pP6  underwent  fibrogenic,  osteogenic,  cardiomyogenic, 
and  SMC  differentiation  from  early  passages,  but  skeletal  myotubes  were  only  detected  in  confluent 
cultures  from  passages  10  through  30,  when  pP6  started  to  lose  this  differentiation  ability.  However, 
they  converted  into  other  lineages  for  over  50  passages,  but  did  not  undergo  adipogenesis.  In 
contrast,  confluent  Mst  ko  and  mdx  pP6  were  unable  to  generate  myotubes,  and  the  same  occurred 
with  pP1-pP5  fractions  in  all  mouse  strains.  pP6  myogenesis  could  not  be  modulated  by  any  of  the 
tested  factors,  with  the  exception  of  testosterone  and  SNAP,  even  if  TGFp  and  myostatin  stimulated 
fibrogenesis  of  a  multipotent  cell  line.  Wt  pP6  implanted  in  several  organs  of  the  rat  generated  skeletal 
myofibers,  smooth  muscle  tissue  and  other  cell  types,  and  stimulated  tissue  repair  and  recovery  of 
function.  A  fraction  of  Wt  pP6  from  the  Oct-4  Pr-gfp  express  the  Oct-4  embryonic  stem  cell  marker, 
visualized  by  green  fluorescence,  and  these  cells  were  localized  in  the  muscle. 

Conclusions.  Myogenic  differentiation  of  MDSC  in  vitro  is  passage-dependent  and  refractory 
to  myostatin  modulators,  despite  MDSC  undergo  myogenesis  in  vivo,  but  are  moderately  responsive 
to  nitric  oxide.  The  resistance  of  the  Mst  ko  and  mdx  MDSC  to  in  vitro  myogenesis  is  so  far 
unexplained.  Dual  cultures  with  Wt  MDSC  are  ongoing  to  determine  whether  myogenesis  may  be 
awaken  by  paracrine  or  juxtacrine  clues.  Expression  of  Oct-4  in  MDSC  may  explain  their  myogenic 
activity. 

Impact  statement.  Future  in  vivo  experiments  should  elucidate  the  role  of  myostatin  and 
dystrophin  in  the  lineage  commitment  of  MDSC,  that  remains  elusive  in  vitro. 
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During  Year  2,  we  have: 

•  confirmed  that  muscle  derived  stem  cells  (MDSC)  obtained  from  the  wild  type  (wt)  mouse 
skeletal  muscle  have  in  vitro  a  long-term  myogenic  capacity,  but  restricted  to  passages  10  to 
about  40-45  or  earlier; 
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•  The  in  vitro  yield  of  myotubes  from  wt  MDSC  expressing  myosin  heavy  chain  II  was  not 
modified  even  at  the  optimal  myotube  forming  capacity  at  early  passages,  by  any  of  the 
several  agents  that  had  previously  failed  at  suboptimal  myogenic  capacity  at  late  passages, 
namely  myostatin,  myostatin  antibodies,  Mst  shRNA,  Mst  cDNA,  T3,  follistatin,  testosterone  or 
TGFpl; 

•  However,  a  PDE5  inhibitor  that  increases  cGMP  and  dimethylsulfoxide,  a  modulator  of 
embryonic  stem  cell  differentiation,  did  upregulate  the  number  of  myotubes  from  wt  MDSC; 

•  These  MDSC  differentiated  in  vitro  into  cells  expressing  cardiomyocyte  markers,  and  in  vivo 
stimulated  the  formation  of  myofibers  in  the  rat  skeletal  muscle  and  of  smooth  muscle  and 
epithelial  cells  in  other  organs; 

•  However,  MDSC  from  the  mdx  or  the  Mst  ko  mouse  did  not  form  myotubes  or  express  MyoD 
in  vitro  under  optimal  myogenic  conditions  for  wt  MDSC; 

•  Cultures  of  multipotent  cells  have  also  been  obtained  from  the  skeletal  muscle  and  other 
tissues  of  the  Oct-4  Pr-gfp  transgenic  mouse,  visualized  by  green  fluorescence.  The  skeletal 
muscle  Oct-4+  cells  are  currently  been  characterized  to  determine  whether  they  are  more 
efficient  in  myogenesis  than  the  pP6  MDSC.  Their  selective  loss  may  explain  the  myogenic 
deficiency  of  mdx  and  Mstko  MDSC. 
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CONCLUSIONS 

Myogenic  differentiation  of  MDSC  from  the  wild  type  mouse  muscle  in  vitro  is  passage- 
dependent  and  refractory  to  myostatin  modulators,  despite  MDSC  undergo  myogenesis  in  vivo,  but 
are  moderately  responsive  to  nitric  oxide  and  cGMP.  The  resistance  of  the  Mst  ko  and  mdx  MDSC  to 
in  vitro  myogenesis  is  so  far  unexplained,  but  may  be  due  to  a  selective  loss  of  other  types  of  stem 
cells  form  the  pP6  cell  fractions  containing  MDSC.  Expression  of  Oct-4  in  MDSC  may  explain  their 
myogenic  activity.  Dual  cultures  with  Wt  MDSC  are  ongoing  to  determine  whether  myogenesis  may 
be  awaken  by  paracrine  or  juxtacrine  clues. 


REFERENCES 

They  are  listed  in  the  papers  enclosed  in  the  Appendix,  as  well  below: 


APPENDICES 

They  include: 

1 )  The  downloaded  publications  for  paper  P-4 

2)  The  biographical  sketches  of  Gonzalez-Cadavid,  Ferrini,  Kovanecz,  Tsao,  and  Gelfand 


Ho,  M  et  al 


1 


1  SKELETAL  MUSCLE-DERIVED  STEM  CELLS  SEEDED  ON  SMALL  INTESTINAL 

2  SUBMUCOSAL  SCAFFOLDS  STIMULATE  VAGINAL  REPAIR  IN  THE  RAT 

3 

4  Ho  MH*§%  Heydarkhan  S*§,  Vernet  D*%  Kovanecz  I*J,  Ferrini  MG^[,  Bhatia  NN*§$, 

5  Gonzalez-Cadavid  NF*J^f 

6  §Division  of  Female  Pelvic  Medicine  and  Reconstructive  Surgery,  Department  of  Obstetrics  and 

7  Gynecology,  Harbor-UCLA  Medical  Center,  David  Geffen  School  of  Medicine  at  UCLA, 

8  University  of  California,  Los  Angeles,  CA;  *Los  Angeles  Biomedical  Research  Institute  at 

9  Harbor-UCLA  Medical  Center,  Urology  Research  Laboratory,  Torrance,  CA  ,  i Department  of 

10  Urology,  David  Geffen  School  of  Medicine  at  UCLA,  University  of  California,  Los  Angeles, 

1 1  CA,  and  ^Division  of  Endocrinology  and  Molecular  Medicine,  Department  of  Internal  Medicine, 

12  College  of  Medicine,  Charles  Drew  University  of  Medicine  and  Science,  Los  Angeles,  CA,  USA 

13 

14  Corresponding  author:  Nestor  F.  Gonzalez-Cadavid,  Ph.D.,  LABioMed  at  Harbor-UCLA 

15  Medical  Center,  Urology  Research  Laboratory,  Bldg.  F-6,  1124  West  Carson  Street,  Torrance, 

16  CA  90502 

17 

18  Telephone:  (310)-222-3824;  Fax:  (31 0)-222- 1914;  e-mail:  ncadavid@ucla.edu 

19 

20  Running  Title:  Stem  cells  in  vaginal  repair 

21 

22  Key  words:  vagina,  fibrosis,  smooth  muscle,  stem  cells;  myofibroblast;  Oct-4 

23  Abbreviations:  FBS:  fetal  bovine  serum;  ASMA:  a-smooth  muscle  actin;  MDSC:  skeletal 

24  muscle  derived  stem  cells;  PCNA:  proliferating  cell  nuclear  antigen;  SIS:  small  intestinal 

25  submucosa;  SMC:  smooth  muscle  cells;  TGFpi:  transfonning  growth  factor  pi. 


Ho,  M  et  al 


2 


26  ABSTRACT 

27  Objectives:  Grafts  are  used  for  vaginal  repair  after  prolapse,  but  their  use  to  carry  stem  cells  to 

28  regenerate  vaginal  tissue  has  not  been  reported.  In  this  study,  we  investigated  whether:  a)  muscle 

29  derived  stem  cells  (MDSC)  grown  on  small  intestinal  submucosa  (SIS)  generate  SMC  in  vitro 

30  and  upon  implantation  in  a  rat  model  of  apical,  anterior  and  posterior  vaginal  defects;  b)  express 

3 1  markers  applicable  to  their  in  vivo  detection  and  to  the  identification  of  vaginal  endogenous  stem 

32  cells;  and  c)  stimulate  the  normal  repair  of  the  defected/injured  vagina. 

33  Methods:  Mouse  MDSC  were  grown  on  monolayer  or  on  porcine  SIS  scaffolds  or  polymeric 

34  (Vicryl)  mesh,  under  DMEM  with  2.5%  or  20%  fetal  serum  with  or  without  TGFfl  1  and  tested 

35  for  cell  differentiation  by  immunocytochemistry  (ICC),  quantitative  western  blot  and  RT/real 

36  time  PCR.  Putative  stem  cell  markers  were  screened  by  DNA  microarrays  followed  by  RT/PCR, 

37  ICC,  and  western  blot.  Rats  that  underwent  hysterectomy  and  partial  vaginectomy  were  either 

38  implanted  in  the  vagina  with:  a)  MDSC  on  SIS  scaffolds,  tagged  with  DAPI  and/or  PKH-26,  or 

39  b)  SIS  without  MDSC,  or  not  implanted.  Rats  were  immunosuppressed  and  sacrificed  at  2,  4,  6 

40  or  8  weeks.  Immunohistochemistry,  dual  immunofluorescence,  hematoxylin/eosin,  and  Masson 

41  trichrome  were  applied  to  tissue  sections. 

42  Results:  MDSC  cultures  on  monolayer  and  SIS  or  polymers  differentiate  into  SMC,  as  shown  by 

43  a-smooth  muscle  actin  (ASMA),  calponin,  and  smoothelin.  MDSC  express  embryonic  stem  cell 

44  markers  Oct-4  and  nanog.  Dual  tag/ASMA  fluorescence  indicated  MDSC  conversion  to  SMC. 

45  Vaginal  tissue  repair  was  stimulated  by  MDSC/SIS,  including  keratin-5  positive  epithelium 

46  formation,  and  prevented  fibrosis,  at  4  and  8  weeks.  Oct-4+  putative  endogenous  stem  cells  were 

47  also  identified. 

48  Conclusions:  MDSC/SIS  implants  stimulate  vaginal  tissue  repair  in  the  rat,  thus  autologous 

49  MDSC  on  scaffolds  may  be  a  promissory  approach  for  the  treatment  of  vaginal  prolapse. 
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INTRODUCTION 

Pelvic  organ  prolapse  in  general,  and  specifically  vaginal  prolapse,  is  highly  prevalent 
and  may  occur  in  up  to  50%  of  parous  women  (1,2).  Surgical  cure  rates  vary  and  recurrences  are 
common  in  primary  ungrafted  methods  of  anterior  vaginal  repair,  and  this  has  led  to  the  use  of 
synthetic  mesh  or/and  biological  grafts  to  provide  support  for  the  existing  weakened  fascia  and 
musculature  (1-6).  Short-term  data  indicates  that  mesh/graft  reduced  objective  prolapse 
recurrence  rates  compared  with  ungrafted  methods,  and  the  use  of  this  procedure  is  increasing 
(3,4,7).  However,  complications  are  frequent,  particularly  vaginal  fibrosis,  inflammation,  and 
epithelial  erosion,  and  the  long-term  durability  and  safety  of  these  devices  are  unknown  (8-11). 

In  other  areas  of  urogenital  tissue  repair,  stem  cell  therapy  is  being  actively  investigated 
to  promote  the  replacement  of  lost  or  damaged  tissue,  particularly  in  the  bladder  and  urethra  for 
the  treatment  of  stress  urinary  incontinence  (12-14),  and  in  the  penile  corpora  cavernosa,  for 
erectile  dysfunction  (15-18).  Although  embryonic  stem  cells  are  promising,  their  medical  use 
still  faces  political  and  ethical  hurdles,  as  well  as  the  still  unresolved  risks  of  potential 
carcinogenesis  and  immunorejection  (19,20).  These  problems  do  not  present,  or  are  less  serious, 
for  stem  cells  found  in  accessible  adult  tissues,  such  as  the  bone  marrow,  skeletal  muscle  or  liver 
(21,22).  Therefore,  adult  stem  cells  are  starting  to  be  investigated  for  tissue  repair  in  clinical 
trials  of  some  non-urogenital  conditions  (http://clinicaltrials.gov),  but  for  vaginal  repair  not  even 
animal  studies  have  been  reported.  Differentiated  vaginal  epithelial  and  smooth  muscle  cells 
have  been  used  to  create  a  neovagina  using  autologous  cells  in  a  rabbit  model  (23,24). 

The  skeletal  muscle  is  an  adequate  source  for  stem  cell  isolation  for  autografts  because  of 
the  feasibility  of  biopsies  and  what  is  known  in  rodents  in  terms  of  isolation,  differentiation 
ability,  and  potential  of  these  cells  for  regenerating  tissues  (25).  Muscle  derived  stem  cells 
(MDSC)  have  been  also  recently  isolated  from  and  characterized  in  human  muscle  (26,27),  and 
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74  should  not  be  confused  with  the  myogenically  committed  satellite  cells  and/or  myoblasts  studied 

75  for  stress  urinary  incontinence  (e.g.  28).  MDSC  differentiate  in  vitro  and  in  vivo  into  skeletal 

76  myotubes,  osteoblasts,  chondrocytes,  and  neural  cells  (25,29),  and  recently  we  reported  that 

77  mouse  MDSC  implanted  into  the  corpora  cavernosa  smooth  muscle  of  immunosuppressed  rats 

78  differentiate  into  smooth  muscle  cells  (SMC)  replacing  the  cells  lost  during  tissue  fibrosis 

79  induced  by  aging,  thus  restoring  function,  in  this  case  the  correction  of  erectile  dysfunction  (18), 

80  The  potential  of  stem  cell  therapy  for  vaginal  repair  extends  to  the  possible 

81  phannacological  activation  of  "dormant"  endogenous  stem  cells  that  may  be  present  in  this 

82  organ.  In  addition  to  the  "supply"  tissues  named  above,  stem  cells  have  been  found  in  most 

83  organs,  including  urogenital  organs  such  as  the  penis  (18,30),  the  ovary  (31),  or  the  testis  (32). 

84  Some  cells  in  these  heterogenous  populations  may  express  the  embryonic  stem  cell  markers  Oct- 

85  4  or  nanog  (33,34).  However,  no  information  is  available  on  their  presence  in  the  vagina. 

86  In  the  current  work  we  investigated  whether  MDSC  generate  in  vitro  SMC,  grow  and 

87  differentiate  into  SMC  on  small  intestinal  submucosa  (SIS),  and  express  embryonic  stem  cell 

88  markers.  We  have  also  investigated  whether  MDSC/SIS  implants  into  the  vagina  of 

89  hysterectomized  and  partially  vaginectomized  rats  originate  SMC  and  promote  tissue  repair 

90  without  inducing  fibrosis,  and  whether  potential  endogenous  stem  cells  are  present  in  the  vagina. 

9 1  MATERIALS  AND  METHODS 

92  Preparation  and  culture  of  MDSC.  Skeletal  muscles  were  obtained  from  the  hind  limb 

93  of  C57BL/6  mice  and  MDSC  were  isolated  applying  the  preplating  procedure  (18,35).  The 

94  mouse  skeletal  muscle  was  preferred  because  these  MDSC  are  the  only  ones  prepared  by  this 

95  method  that  have  been  extensively  characterized  as  stem  cells  (25),  whereas  isolating  them  from 

96  rat  skeletal  muscle  would  require  to  replicate  the  stem  cell  identification  and  characterization. 
Briefly,  tissues  were  dissociated  using  sequentially  collagenase  XI,  dispase  II  and  trypsin,  and 
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98  after  filtrations  through  60  nylon  mesh,  and  pelleting,  the  released  cells  were  suspended  in  GM- 

99  20  (Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  with  20%  fetal  bovine  serum  (FBS)Cells 

100  were  then  plated  onto  collagen  I-coated  flasks  for  1  hr  (preplate  1  or  pPl),  and  2  hrs  (preplate  2 

101  for  pP2),  followed  by  a  series  of  sequential  daily  transfer  of  non-adherent  cells  and  re-platings 

102  for  2  to  6  days,  until  preplate  6  (pP6).  The  latter  is  the  cell  population  containing  MDSC..  In 

103  general,  cells  were  maintained  in  DMEM/20%  fetal  bovine  serum  (FBS)  on  regular  culture 

104  flasks  (no  coating)  and  used  in  the  15th-25th  passage,  since  MDSC  from  mouse  muscle  have 

105  been  maintained  in  our  laboratory  for  at  least  30  generations  with  the  same,  or  even  increasing, 

106  growth  rate,  thus  confirming  their  stem  cell  nature.  The  absence  of  SMC  in  these  enriched  stem 

107  cells  was  verified  at  the  initial  passages  by  immunocytochemistry  and  western  blot  for  a-smooth 

108  muscle  cell  actin  (ASMA)  (see  below). 

109  MDSC  were  grown  also  in  two  types  of  scaffolds:  1)  porcine  small  intestinal  submucosa 

110  (SIS,  Cook  Biotech  Inc.,  West  Lafayette,  IN)  (36,37),  and  2)  polymeric  mesh  (Vicryl  mesh, 

111  Ethicon  Inc.,  Sommerville,  NJ)  (38).  Both  materials  were  cut  in  0.5  cm"  fragments,  sterilized  in 

112  alcohol  and  submerged  in  DMEM/20%  FBS.  MDSC  were  then  seeded  and  allowed  to  grow 

113  until  they  reached  over  60%  confluence  on  the  SIS  scaffold  or  they  started  to  cover  the  small 

114  holes  in  the  mesh  of  the  polymeric  scaffold. 

115  Animal  experiments.  Retired  breeders  female  Fisher  344  rats  (Harlan  Sprague-Dawley 

116  Inc.,  San  Diego,  CA,  USA),  were  used  throughout.  The  animals  were  treated  according  to 

117  National  Institutes  of  Health  regulations  with  an  Institutional  Animal  Care  and  Use  Committee- 

118  approved  protocol.  Anesthesized  rats  were  divided  in  the  following  groups  (n=2/group):  1) 

119  “intact  controls”,  not  subjected  to  surgery;  2)  “defected  vagina,  untreated”,  subjected  to 

120  hysterectomy  and  a  partial  vaginectomy  to  induce  apical,  anterior  and  posterior  defects.  The 

121  vagina  was  closed  with  absorbable  sutures;  3)  “defected  vagina,  treated  with  SIS  implantation”, 
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122  as  #  2,  but  implanted  at  the  moment  of  surgery  with  the  SIS  scaffold.  The  SIS  scaffold  was 

123  sutured  into  the  vaginal  stump  with  absorbable  sutures.  Two  nonabsorbable  sutures  (nylon)  were 

124  used  to  mark  the  ends  of  the  scaffold.;  4)  “defected  vagina,  treated  with  SIS/MDSC  implantation, 

125  as  #  2,  but  implanted  at  the  moment  of  surgery  with  the  SIS  scaffold  that  had  been  seeded  with 

126  MDSC.  In  this  case  the  cells  were  grown  in  vitro  and  labelled  with  either  the  nuclear  blue 

127  fluorescent  stain  DAPI,  or  with  DAPI  and  the  membrane/cytoplasmic  red  fluorescent  stain 

128  PKH26,  as  detailed  in  each  figure.  Tacrolimus  was  given  daily  to  group  4  (1  mg/kg,  sc)  to  avoid 

129  immunerejection  of  the  mouse  stem  cells  (18).  At  2,  4  or  8  weeks  after  implantation  (and  in  some 

130  cases  at  6  weeks),  rats  were  sacrificed  under  anesthesia,  the  vagina  was  excised  and  divided  in 

131  approximately  2-3  mm  transversal  sections  numbered  from  the  more  distal  from  1  to  6 

132  (according  to  the  overall  length  of  the  vagina).  These  sections  were  cryoprotected  in  25% 

133  sucrose,  immersed  in  OCT,  and  subjected  to  cryosectioning  (5  urn  for  regular  microscope,  or  20- 

134  30  um  for  confocal  microscope)  without  fixation,  unless  stated. 

135  Detection  of  protein  expression  in  cell  cultures  and  tissue  sections.  The  general 

136  morphology  of  vaginal  frozen  tissue  sections  was  evaluated  with  hematoxylin  eosin  staining.  For 

137  immunocytochemistry,  cells  grown  in  triplicate  on  collagen-coated  8  well  removable  chambers, 

138  or  in  frozen  tissue  sections,  were  reacted  (18,39)  with  some  of  the  following  primary  antibodies 

139  against:  1)  human  ASMA  (mouse  monoclonal  in  Sigma  kit,  1/2,  Sigma  Chemical,  St  Louis,  Mo, 

140  USA)  a  marker  for  both  SMC  and  myofibroblasts,  2)  Oct-4  (rabbit  polyclonal,  1/500,  BioVision, 

141  Mountain  View,  CA,  USA),  a  marker  for  embryonic  stem  cells  (40);  in  this  case  frozen  sections 

142  were  fixed  with  2%  formaldehyde  for  10  min.  Immunohistochemical  detection  was  performed  by 

143  quenching  in  0.3%  H2O2-PBS,  blocking  with  goat  or  corresponding  serum,  and  incubating 

144  overnight  at  4  °C  with  the  primary  antibody.  This  was  followed  by  biotinylated  anti-mouse  IgG 

145  (Vector  Laboratories,  Burlingame,  CA,  USA),  respectively,  for  30  min,  the  ABC  complex 


Ho,  M  et  al 


7 


146  containing  avidin  linked  horse  radish  peroxidase  (1:100;  Vector),  3,3’  diaminobenzidine  (DAB), 

147  and  counterstaining  with  haematoxylin,  or  no  counterstaining,  as  indicated. 

148  When  DAPI  and/or  PKH26  fluorescence  was  detected,  immunofluorescence  was  applied 

149  for  ASMA  (same  antibody  as  above)  or  keratin  5,  a  squamous  epithelial  marker  (41) 

150  (Monoclonal,  1/200,  Vector  Laboratories,  Burlingame,  CA,  US)  using  a  secondary  anti-mouse 

151  IgG  antibody  that  was  biotinylated  (goat,  1/200,  Vector  Laboratories)  and  this  complex  was 

152  detected  with  strep tavidin-Texas  Red  (red  fluorescence),  or  in  the  case  of  Oct-4,  also  with 

153  streptavidin-FITC  (green  fluorescence).  After  washing  with  PBS,  the  sections  were  mounted 

154  with  Prolong  antifade  (Molecular  Probes,  Carlsbad,  CA,  USA).  Negative  controls  for 

155  immunohistochemistry  or  immunofluorescence  omitted  the  first  antibodies  or  they  were  replaced 

156  by  IgG  isotype.  Sections  were  viewed  under  an  Olympus  BH2  fluorescent  microscope  or  in  a 

157  confocal  microscope,  using  regular  light  or  blue  and/or  red  filters  and  overlay. 

158  Histochemical  assessment  of  vaginal  fibrosis.  Masson  trichrome  staining  (39,40)  was 

159  applied  to  tissue  sections  fixed  overnight  in  Bouins  fixative  (Sigma).  For  quantitative  image 

160  analysis,  staining  intensity  was  determined  by  computerized  densitometry  using  the  ImagePro 

161  Plus  5.1  program  (Media  Cybernetics,  Silver  Spring,  MD,  USA),  coupled  to  the  Olympus  BH2 

162  microscope  with  a  Spot  RT  color  digital  camera  (Diagnostic  Instruments  Inc.,  Sterling  Heights, 

163  MI,  USA).  Results  were  expressed  as  the  ratio  between  the  areas  stained  in  red  comprising  the 

164  epithelium,  lamina  propria  and  muscularis,  divided  by  the  area  occupied  by  collagen  fibers  and 

165  extracellular  matrix  stained  in  blue.  Ten  non-overlapping  fields  were  screened  per  section.  Three 

166  sections  per  tissue  specimen  from  the  groups  of  two  rats  were  then  used  to  calculate  the  mean+/- 

167  SEM,  based  on  30  separate  measurements  per  rat. 

168  Estimation  of  protein  expression  in  cell  and  tissue  homogenates  by  western  blots.  For 

169  western  blots  (18,39),  cell  homogenates  were  obtained  in  boiling  lysis  buffer  (1%  SDS,  lmM 
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170  sodium  ortho  vanadate,  10  mM  Tris  pH  7.4  and  protease  inhibitors:  3  pM  leupeptin,  1  pM 

171  pepstatin  A,  ImM  phenylmethylsulphonyl  fluoride),  and  centrifuging  at  16,000  g  for  5  min.  40 

172  pg  of  protein  were  run  on  7.5%  or  10%  polyacrylamide  gels,  and  submitted  to  western  blot 

173  transfer  and  immunodetection  with  the  following  antibodies  against:  1)  human  aSMA 

174  (monoclonal,  1/1000,  Calbiochem,  La  Jolla,  CA,  USA);  2)  human  calponin-1  (basic)  (mouse 

175  monoclonal,  1/25,  Novocastra,  Burlighame,  CA,  USA),  as  exclusive  marker  for  SMC;  3) 

176  proliferating  cellular  nuclear  antigen  (PCNA)  (mouse  monoclonal,  1:100,  Chemicon,  Temecula, 

177  CA,  USA)  a  marker  for  replicating  cells;  4)  Oct-4  (rabbit  polyclonal,  1/500,  BioVision, 

178  Mountain  View,  CA,  USA),  as  stem  cell  marker  5)  myoglobin  (rabbit  polyclonal  1/200,  Santa 

179  Cruz  Biotechnology,  Inc.,  Santa  Cruz,  CA  USA),  as  muscle  origin  marker  6)  GAPDH  (mouse 

180  monoclonal,  1/3000,  Chemicon,  Temecula,  CA  USA)  as  a  housekeeping  gene. 

181  Membranes  were  incubated  with  a  secondary  polyclonal  horse  anti-mouse  IgG  linked  to 

182  horseradish  peroxidase  (1:2000;  BD  Transduction  Laboratories,  Franklin  Lakes,  NJ,  USA,  or 

183  1:5000,  Amersham  GE,  Pittsburgh,  PA,  USA)  and  bands  were  visualized  with  luminol 

184  (SuperSignal  West  Pico,  Chemiluminescent,  Pierce,  Rockford,  IL,  USA).  For  the  negative 

185  controls  the  primary  antibody  was  omitted. 

186  Estimation  of  multipleRNA  expression  by  DNA  microarrays.  Pools  of  total  cellular 

187  RNA  from  three  different  T75  flasks  for  MDSC  that  were  incubated  with  DMEM  supplemented 

188  with  FBS  at  either  20%  (“high  serum”)  or  2.5%  (“low  serum”)  were  isolated  with  Trizol-Reagent 

189  (Invitrogen,  Carlsbad,  CA).  RNA  quality  was  assessed  by  agarose  gel  electrophoresis  and 

190  subjected  to  cDNA  gene  microarrays  (SuperArray  BioScience  Corp.,  Frederick,  MD)  (43),  using 

191  the  following  Oligo  GEArray  microarrays:  1)  mouse  stem  cell  (OMM-405),  2)  mouse  cell 

192  surface  markers  (OMM-055),  and  3)  mouse  cardiovascular  disease  biomarkers  (MM-037),  which 

193  together  covered  a  series  of  potential  markers  for  MDSC.  Biotin-labeled  cDNA  probes  were 


Ho,  M  et  al 


9 


194  synthesized  from  total  RNA,  denatured,  and  hybridized  overnight  at  60°C  in  GEHybridization 

195  solution  to  membranes  spotted  with  the  respective  pathway-specific  genes.  Membranes  were 

196  washed,  and  chemiluminescent  analysis  was  performed  per  the  manufacturer’s  instructions.  Raw 

197  data  were  analyzed  using  GEArray  Expression  Analysis  Suite  (SuperArray  BioScience  Corp., 

198  Frederick,  MD).  Expression  values  for  each  gene  based  on  spot  intensity  were  subjected  to 

199  background  correction  and  normalization  with  housekeeping  genes. 

200  Confirmation  of  RNA  expression  by  RT/PCR  and  RT/real  time  PCR.  Equal  amounts 

201  (2ug)  of  RNA  were  reverse  transcribed  in  duplicate  using  a  RNA  PCR  kit  (Applied  Biosystems, 

202  Foster  City,  CA).  The  locations  of  forward/re  verse  PCR  primers  for  real-time  RT-PCR  for 

203  smoothelin  and  GAPDH  are  as  follows:  575-597/626-641  on  BC074818.2  (67bp)  and  606- 

204  626/758-738  on  BC023196.  Mouse  gene  PCR  primer  sets  (RT2)  were  purchased  from 

205  SuperArray  Bioscience.  The  QIAGEN  Sybr  Green  PCR  kit  with  HotStar  Taq  DNA  polymerase 

206  (QIAGEN,  Valencia,  CA)  was  used  with  i-Cycler  PCR  thermocycler  and  fluorescent  detector  lid 

207  (Bio-Rad,  Hercules,  CA)  (44), 

208  The  protocol  included  melting  for  15  min  at  95C,  40  cycles  of  three-step  PCR  including 

209  melting  for  15  sec  at  95C,  annealing  for  30  sec  at  58C,  elongation  for  30  sec  at  72C  with  an 

210  additional  detection  step  of  15  sec  at  81C,  followed  by  a  melting  curve  from  55-95C  at  the  rate 

211  of  0.5C  per  10  sec  (44,45).  We  confirmed  that  inverse  derivatives  of  melting  curves  show  sharp 

212  peaks  for  smoothelin  and  GAPDH  81C  and  85C  indicating  correct  products.  Samples  of  25  ng 

213  cDNA  were  analyzed  in  quadruplicate  in  parallel  with  GAPDH  controls;  standard  curves 

214  (threshold  cycle  vs.  log  pg  cDNA)  were  generated  by  log  dilutions  of  from  0.1  pg  to  100  ng 

215  standard  cDNA  (reverse-transcribed  mRNA  from  MDSC).  Experimental  mRNA  starting 

216  quantities  were  then  calculated  from  the  standard  curves  and  averaged  using  i-Cycler,  iQ 
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217  software  as  described  previously  (46).  The  ratios  of  smoothelin  mRNA  to  GAPDH  mRNA  were 

218  computed. 

219  For  regular  RT/PCR  (45),  two  ug  of  total  RNA  were  reverse  transcribed,  and  cDNA  was 

220  amplified  for  38  cycles  by  PCR  at  94°C  for  30  seconds,  primer  annealing  at  58°C  for  30  seconds, 

221  and  extension  at  72°C  for  1  minute.  PCR  products  were  analyzed  in  2%  agarose  gels.  The 

222  locations  of  the  forward/reverse  PCR  primers  in  5 ’-3’  nucleotide  positions  are  as  follows:  (1) 

223  Oct-4  (GenBank  Accession  No.  NM_013633),  forward:  nt  830-850;  and  reverse:  nt  1130-1150, 

224  2)  nanog  (GenBank  Accession  No.  XM_001471588)  forward:  nt  732-852;  and  reverse:  nt  1032- 

225  1152,  3)  CD63  (GenBank  Accession  No.  NM_001042580)  forward:  nt  478-898;  and  reverse:  nt 

226  778-798,  4)  GAPDH  (GenBank  Accession  No.  BC0591 10)  forward:  nt  611-631;  and  reverse:  nt 

227  743-763. 

228  Statistics.  Masson  trichrome  values  (Fig.  10)  are  expressed  as  the  mean+/-SEM  for  30 

229  independent  measurements  per  rat  and  60  detenninations  per  group.  The  nonnality  distribution 

230  of  the  data  was  established  using  the  Wilk-Shapiro  test.  Multiple  comparisons  were  analysed  by 

231  a  single  factor  ANOVA,  followed  by  post  hoc  comparisons  with  the  Newman-Keuls  test. 

232  Differences  among  groups  were  considered  statistically  significant  at /?<0.05. 

233  RESULTS 

234  In  order  to  show  with  specific  differentiation  markers  that  MDSC  are  indeed  able  to 

235  originate  SMC  in  vitro,  they  were  incubated  for  various  periods  of  time  (7-56  days)  in  DMEM 

236  with  20%  FBS.  Fig.  1  top  shows  by  immunocytochemistry  that  as  early  as  9  days  some  of  the 

237  cells  express  ASMA,  a  marker  for  both  myofibroblasts  and  SMC,  and  that  TGFfll  intensifies  this 

238  expression.  Successive  periods  showed  similar  results  (not  shown),  and  this  was  confirmed  at  22 

239  days  by  western  blot  (Fig.  1  bottom  left).  The  SMC  generation  was  indicated  with  an  antibody 

240  for  the  SMC  marker  calponin,  not  expressed  in  myofibroblasts,  although  in  this  case  the  increase 
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241  of  the  intensity  of  the  TGFfS 1  band  corrected  by  GAPDH  was  only  moderate.  The  cells  were 

242  actively  replicating  as  shown  by  proliferating  cell  nuclear  antigen  (PCNA).  The  levels  of 

243  smoothelin  mRNA,  another  specific  SMC  marker,  were  elevated  by  TGFfl  1 ,  and  this  effect 

244  continued  until  at  least  49  days,  as  shown  by  RT/real  time  PCR  (Fig.  1  bottom  right). 

245  The  MDSC  may  grow  on  scaffolds  and  differentiate  into  the  desired  lineage,  as  shown  by 

246  hematoxylin/eosin  staining  on  an  epi-illumination  stereomicroscope  observation  of  the 

247  monolayer  fonned  on  the  small  intestinal  submucosa  (SIS)  membrane  (Fig.  2  left).  Since  it  is 

248  difficult  to  perform  fluorescence  or  immunocytochemical  observations  on  the  totally  opaque  SIS 

249  scaffold,  we  opted  to  grow  the  MDSC  pre-labeled  with  the  nuclear  fluorescent  stain  DAPI  onto  a 

250  translucent  polymeric  scaffold  (Vicryl  mesh)  and  detennine  whether  the  cells  transform  into 

251  SMC.  The  MDSC  rapidly  proliferated  onto  the  scaffold  (Fig.  2  middle)  and  presumably 

252  originated  SMC,  as  detected  by  dual  immuno-fluorescence  for  DAPI  and  ASMA  (Fig.  2  right). 

253  DAPI  labeling  is  relatively  short-lived,  and  therefore  we  searched  for  potential  markers 

254  of  these  cells  that  would  not  be  expressed  in  the  vagina.  First,  DNA  microarrays  representing 

255  several  stem  cell  and  related  genes,  as  well  as  tissue  markers,  were  applied  to  identify  RNA 

256  transcripts  in  MDSC  that  were  grown  under  either  high  serum  (20%  FBS)  to  stimulate  cell 

257  proliferation  or  low  serum  (2.5%  FBS)  to  arrest  cell  growth  and  to  stimulate  cell  differentiation. 

258  Some  embryonic  stem  cell  mRNAs  (nanog,  Oct-4,  CD63,  Wntl)  and  skeletal  muscle  or 

259  myogenic  markers  (myoglobin,  muscle  creatin  kinase,  notch  3)  were  identified  and  the 

260  approximate  intensity  of  expression  was  tabulated  (Fig.  3). 

261  RT/PCR  for  two  of  those  genes,  nanog  and  Oct  4,  revealed  a  low  expression  in  MDSC,  as 

262  well  as  in  the  vaginal  tissue,  whereas  CD63  was  negligible  in  MDSC  but  well  expressed  in  the 

263  vagina.  Oct  4  and  nanog  were  considerably  expressed  in  the  testis,  as  a  source  of  germinal  stem 

264  cells,  and  particularly  in  the  case  of  nanog  in  the  the  penis,  as  another  urogenital  organ.  In  the 
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265  skeletal  muscle  (hind  limb),  where  MDSC  originated,  Oct  4  expression  was  also  high,  whereas 

266  nanog  was  negligible  (Fig.  4  left).  Western  blotting  with  an  Oct  4  antibody  revealed  a  strong 

267  band  in  the  MDSC  that  runs  as  Oct  3B  and  a  very  faint  one  as  Oct  3A,  whereas  both  bands  were 

268  expressed  similarly  at  high  levels  in  the  vagina,  the  skeletal  muscle,  and  the  penis.  (Fig.  4  right). 

269  Myoglobin,  a  skeletal  muscle  marker,  was  expressed  in  MDSC  and  the  vagina,  and  as  expected, 

270  very  highly  in  the  skeletal  muscle,  but  not  in  the  penis.  The  myoglobin  band  in  the  vaginal  tissue 

271  possibly  results  from  contamination  with  adjacent  skeletal  muscle  tissue.  Therefore,  Oct  4, 

272  because  of  being  an  embryonic  stem  cell  marker,  was  used  to  locate  potential  endogenous  stem 

273  cells  in  the  vagina  (see  below,  Fig.  7),  whereas  due  to  its  low  expression  in  the  MDSC  it  was  not 

274  useful  as  a  tag  to  follow  MDSC  implantation  in  this  tissue. 

275  To  study  the  effects  of  implanted  MDSC  on  vaginal  reconstruction,  rats  were  either  left 

276  intact  and  untreated,  or  were  subjected  to  hysterectomy  and  partial  vaginectomy  to  create  the 

277  apical,  anterior  and  posterior  vaginal  defects.  MDSC  grown  on  SIS  were  labeled  with  DAPI  and 

278  implanted  on  the  vagina  at  the  site  of  vaginal  defects,  whereas  other  animal  groups  were 

279  implanted  with  SIS  without  cells  or  left  untreated,  and  sacrificed  at  2,  4,  6  and  8  weeks 

280  (n=2/group).  This  time  course  was  selected  to  follow  up  qualitatively  in  a  preliminary  “proof  of 

281  concept”  cell  uptake,  survival,  differentiation,  and  effects  on  histology  at  several  standard 

282  periods  used  in  studies  of  stem  cell  implantation,  The  vaginal  tissues  were  divided  in  regions 

283  numbered  1  through  6  from  the  one  most  distant  to  the  site  of  implantation.  The  DAPI  labeled 

284  MDSC  on  the  SIS  scaffolds  were  visualized  at  4  weeks  as  numerous  blue  fluorescent  nuclei  in 

285  frozen  unfixed  tissue  sections  of  the  tissue  around  the  site  of  implantation  (regions  5  and  6),  as 

286  shown  on  Fig.  5  A.  These  sections  were  immunostained  with  an  antibody  for  ASMA  and  a  red 

287  fluorescence  Texas  red-tagged  secondary  antibody  that  shows,  in  a  merge  of  the  blue  and  red 

288  fluorescence,  that  many  of  the  implanted  cells  were  positive  for  ASMA  expression.  Some  few 
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289  MDSC  migrated  away  from  the  SIS  implants  to  more  distant  regions  (1  and  3),  showing  also 

290  differentiation  into  SMC  (Fig.  5  B). 

291  MDSC  growing  on  SIS  were  also  dually  labeled  with  DAPI  and  a  membrane  red 

292  fluorescence  tag,  PKH26,  and  then  implanted  in  the  vagina  as  above.  Fig.  6  top  shows  that  at  4 

293  weeks  the  red  fluorescence  is  somehow  diffuse,  possibly  in  regions  of  the  cell  membrane  and 

294  even  the  cytoplasm,  while  the  blue  fluorescence  is  still  visible  in  discrete  nuclei.  At  6  weeks 

295  (Fig.  6  bottom)  DAPI  labeling  has  become  more  diffuse  and  restricted  to  a  small  area  of  the 

296  field  where  red  fluorescence  is  still  apparent  and  even  advanced  into  the  nuclei.  This  indicates 

297  that  the  MDSC  survive  for  at  least  6  weeks. 

298  The  other  marker  identified  in  the  in  vitro  experiments  for  MDSC,  the  Oct  4  gene,  detects 

299  the  endogenous  vaginal  stem  cells  and  the  implanted  MDSC.  The  vaginal  tissue  from  intact  rats 

300  (no  surgery)  within  a  region  equivalent  to  the  site  of  MDSC  implantation,  displays  some  discrete 

301  staining  in  isolated  regions  of  the  muscularis,  apparently  in  the  longitudinal  bundles,  as  well  as  in 

302  the  stratified  squamous  epithelium  (not  shown).  Staining  is  rather  similar  in  hysterectomized 

303  animals  with  partial  vaginectomy  after  4  weeks  of  surgery  and  no  treatment  (Fig.  7  top).  Four 

304  weeks  after  implantation  of  SIS  only  without  MDSC,  there  was  a  more  extended  staining,  with 

305  some  spreading  to  both  longitudinal  and  transversal  bundles  in  the  muscularis  (Fig.  7  middle). 

306  This  is  likely  due  to  “activation”  of  endogenous  stem  cell  replication  by  the  combined  SIS 

307  implant/tissue  repair  reaction.  The  SIS/MDSC  intensified  these  changes  with  even  more 

308  dissemination  of  Oct  4+  cells,  particularly  in  a  thicker  epithelium,  suggesting  that  many  of  them 

309  are  derived  from  the  implanted  MDSC  and  others  from  endogenous  stem  cell  activation  (Fig.  7 

310  bottom). 

311  The  stimulatory  effects  of  MDSC/SIS  on  the  regeneration  of  vaginal  tissue  are  seen 

312  clearly  4  weeks  after  surgery  on  hematoxylin/eosin  staining  of  the  vaginal  tissue  sections,  where 
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313  there  is  an  apparent  increase  in  the  muscularis  after  receiving  the  implant  (Fig.  8  bottom),  as 

314  compared  to  the  intact  vagina  (no  surgery)  (Fig.  8  top  left)  or  the  untreated  hysterectomized/ 

315  partially  vaginectomized  tissue  (Fig.  8  top  right).  What  is  remarkable  is  the  considerable 

316  stratified  squamous  epithelium  that  developed  upon  treatment  with  SIS  and  particularly  with  the 

317  MDSC  on  the  SIS  (Fig.  8  bottom). 

318  The  stimulatory  effect  of  MDSC  on  the  growth  of  the  epithelium  was  confirmed  by 

319  immunohistodetection  with  Texas  red  fluorescence  of  keratin  5  a  marker  of  squamous 

320  epithelium,  compared  with  the  respective  hematoxylin/eosin  staining  at  4  weeks  (Fig.  9).  In  this 

32 1  case  DAPI  was  applied  after  the  sections  were  obtained  as  a  nuclear  fluorescent  counterstain,  not 

322  to  detect  the  implanted  MDSC.  The  untreated  vagina  from  hysterectomized  rats  showed  a 

323  disorganized  and  rather  thin  epithelium  with  virtually  no  indentation  with  connective  tissue 

324  papillae  (Fig.  9  A,B).  SIS  implantation  without  cells  restored  some  papillae  and  made  the 

325  epithelium  thicker  (Fig.  9  C,D),  but  only  the  SIS  holding  the  MDSC  what  normalized  the 

326  epithelium  thickness  and  appearance  (Fig.  9  E,F).  In  order  to  determine  whether  the  MDSC 

327  themselves  differentiated  into  epithelial  cells,  sections  obtained  from  the  vagina  of 

328  hysterectomized/partially  vaginectomized  rats  where  the  vagina  had  been  implanted  with  red 

329  fluorescence  PKH26-labeled  MDSC  growing  on  SIS,  were  stained  for  keratin  5  but  using  FITC 

330  green  fluorescence,  and  no  MDSC  staining  was  applied.  Although  red  fluorescent  implanted 

331  cells  were  visible  in  the  vicinity  of  the  green  fluorescent  keratin-5  positive  area,  there  was  no 

332  convincing  overlapping  in  the  overlay  (not  shown)  that  would  suggest  a  direct  conversion,  thus 

333  implying  that  the  MDSC  exert  a  trophic  effect  on  the  epithelium  more  than  a  true  differentiation. 

334  Masson  trichrome  staining  was  applied  to  determine  the  extent  of  fibrosis  in  the  tissue 

335  sections  upon  the  different  treatments  at  8  weeks.  Fig.  10  (panels)  shows  in  the  vagina  from 

336  intact  animals  not  subjected  to  surgery  the  layer  of  longitudinal  smooth  muscle  bundles  in  the 
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337  muscularis  underneath  the  lamina  propria,  and  the  stratified  squamous  epithelium,  stained  in  red, 

338  whereas  virtually  all  the  lamina  propria  and  interstitial  connective  tissue  in  the  smooth  muscle  is 

339  stained  in  blue  indicating  collagen  libers.  The  tissue  from  hysterectomized  and  partially 

340  vaginectomized  animals  had  a  thinner  but  organized  layer  of  smooth  muscle.  In  contrast,  after 

341  SIS  implantation  there  was  very  little  smooth  muscle  and  a  thin  epithelium  as  if  the  scaffold 

342  would  induce  mainly  connective  tissue  formation,  probably  from  fibrosis  and  scar  tissue 

343  formation.  This  may  also  be  due,  in  part,  to  the  wound  healing  process  caused  by  surgery  and 

344  regeneration  process  at  longer  time  points.  However,  when  SIS  with  MDSC  was  implanted,  there 

345  was  a  remarkable  healthy  smooth  muscle  and  thicker  epithelium.  These  results  suggest  that  the 

346  use  of  MDSC  on  SIS  scaffold  regenerated  vaginal  smooth  muscle  and  epithelium  much  faster 

347  than  SIS  alone.  Quantitative  image  analysis  (Fig.  10  bar  graph)  of  the  ratio  between  the  red 

348  versus  blue  areas,  as  a  representation  of  the  cellular/extracellular  matrix  ratio,  was  applied  to  30 

349  fields  per  rat.  This  analysis,  limited  by  a  small  n  imposed  by  the  study  design,  indicated  that 

350  MDSC  seeded  on  the  SIS  generated  significantly  higher  amount  of  cellular  components. 

351  DISCUSSION 

352  To  our  knowledge,  based  on  an  exhaustive  PubMed  search,  this  is  the  first  paper  on  the 

353  use  of  stem  cells  of  any  origin  to  repair  defects  or  injury  to  the  vagina  in  women  or  animal 

354  models.  We  have  shown  that  MDSC  mounted  on  a  biodegradable  SIS  scaffold  implanted  in  the 

355  defected  vagina  (apical,  anterior  and  posterior  defects)  of  rats  survive  for  extended  periods, 

356  differentiate  into  SMC  in  the  muscularis,  and  promote  epithelium  regeneration  presumably  by  a 

357  trophic  effect.  This  exploratory  “proof  of  concept”  approach  was  supported  by  finding  a 

358  reduction  in  fibrosis  and  stimulation  of  the  vaginal  repair  process,  that  appears  to  occur  more 

359  efficiently  than  with  SIS  implants  alone  without  cells  or  in  the  spontaneous  regeneration 

360  occurring  in  the  absence  of  any  treatment.  The  current  study  establishes  the  foundation  for  future 
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361  experimental  paradigms  to  evaluate  more  precisely  with  larger  number  of  animals  the  effects  of 

362  MDSC/SIS  on  vaginal  tissue  fibrosis  at  even  more  prolonged  periods  after  implantation. 

363  Although  we  did  not  perform  the  functional  study  of  the  vaginal  defects  and  this  surgically 

364  injured  vagina  model  is  not  the  same  as  pelvic  organ  prolapse  that  has  developed  with  time,  our 

365  results  show  that  implanted  MDSC  in  the  surgically  injured  vagina  can  survive,  differentiate,  and 

366  regenerate/repair  the  injured  vagina. 

367  In  addition,  we  have  defined  the  expression  in  MDSC  of  certain  genes,  such  as  Oct-4, 

368  that  is  a  well  recognized  marker  of  embryonic  stem  cells.  This  gene  served  also  to  identify 

369  potential  endogenous  stem  cells  in  the  tissue  that  may  constitute  a  target  for  repair  therapy  based 

370  on  their  potential  activation  by  phannacological  interventions.  MDSC  per  se,  without  scaffolds, 

371  were  not  tested  because  we  considered  that  the  physical  restriction  imposed  by  the  SIS  support 

372  would  on  one  side  facilitate  closure  of  the  wound  and  on  the  other  side  help  to  maintain  the 

373  implanted  cells  around  the  site  of  repair. 

374  One  of  the  main  limitations  of  the  current  work  is  that  it  was  difficult  to  assess 

375  quantitatively  the  extent  of  the  putative  improvement  of  vaginal  regeneration  by  MDSC/SIS  over 

376  SIS  alone  or  in  the  absence  of  treatment,  since  with  the  exception  of  the  effect  on  fibrosis,  we 

377  have  based  our  interpretation  on  qualitative  comparisons  between  vaginal  tissues  from  each 

378  experimental  group.  This  was  prompted  by  the  difficulty  of  defining  markers  that  single-handed 

379  or  in  combination  represent  the  complexity  of  the  coordinated  repair  of  the  different  cellular 

380  compartments  in  the  vagina  and  their  histological  and  anatomical  arrangement  to  restore  the 

381  nonnal  tissue  function.  In  the  case  of  the  correction  of  the  well  defined  SMC  loss  in  the  penile 

382  corpora  cavernosa  occurring  during  aging  we  employed  ASM  A  estimated  by  quantitative 

383  western  blot  (18),  but  for  vaginal  repair  the  possibility  that  ASMA  may  also  indicate  generation 

384  of  myofibroblasts  involved  in  a  fibrotic  process  (39)  may  complicate  the  interpretation.  In 
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385  addition,  the  balance  between  the  muscularis  and  the  squamous  epithelium  and  lamina  propria 

386  may  not  be  well  represented  by  isolated  markers  for  each  tissue. 

387  Within  these  constraints,  the  in  situ  estimation  in  tissue  sections  of  the  cellular 

388  compartment  in  relation  to  collagen  and  extracellular  matrix  is  a  reasonable  approximation  to 

389  evaluate  the  efficacy  of  MDSC/SIS,  since  it  measures  the  functionally  desirable  restoration  of  the 

390  SMC/keratinocytes  content  versus  the  noxious  complication  of  excessive  collagen  deposition, 

391  namely  fibrosis.  A  caveat  is  that  myofibroblasts,  the  main  cell  type  in  fibrosis  (47),  may  also  be 

392  counted  among  the  red  staining  area.  However,  the  main  reason  for  our  experimental  design  was 

393  that  as  first  stage  this  work  aimed  to  define  the  proof  of  concept  of  implanted  cells  surviving  in 

394  the  injured  vagina,  converting  into  one  of  the  desired  cell  types  (SMC),  and  stimulating  the 

395  formation  of  the  epithelium,  while  maintaining  the  proper  histological  appearance.  Further 

396  studies  will  be  conducted  to  identify  the  most  suitable  markers  for  quantitative  western  blots  in 

397  order  to  provide  a  precise  evaluation  of  the  extent  of  repair.  This  would  facilitate  to  detennine 

398  the  role  of  variables  such  as  multiple  versus  single  injection  sites,  cell  loads,  phannacological 

399  adjuvants,  influence  of  scaffold  types,  or  ranges  of  persistence  of  implanted  MDSC,  on  the 

400  relative  efficacy  of  each  treatment,  and  particularly  on  vaginal  function. 

401  Although  in  the  present  work  we  employed  immunosupression  with  tacrolimus  because 

402  of  the  inter-species  implantation  we  used  (mouse  MDSC  into  rat  vagina),  we  envisage  that  this 

403  will  not  be  needed  in  further  animal  studies  or  in  clinical  applications.  First,  in  both  cases 

404  allografts,  e.g,  rat  MDSC  donor  in  rat  recipient,  and  human  MDSC  in  women,  may  be  used  since 

405  stem  cells  are  known  to  be  considerably  hypoimmunogenic  as  compared  to  differentiated  cells 

406  (21,22).  Moreover,  in  the  case  of  humans,  autografts  can  easily  be  obtained  from  biopsies  of  the 

407  skeletal  muscle  that  in  a  few  weeks  can  generate  cell  cultures  for  reimplantation  (25).  An  even 

408  less  invasive  approach  would  be  based  on  phannacological  awakening  of  potential  dormant 
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endogenous  stem  cells  from  vaginal  tissues  similar  to  the  Oct-4  cells  identified  here,  which 
would  be  the  ultimate  goal  of  stem  cell  therapy  (48,49).  The  endogenous  stem  cells,  that  in  some 
cases  may  be  rudimentary  embryonic  stem  cells  (32-34),  are  being  increasingly  identified  in 
adult  tissues  as  populations  different  from  other  stem  cells  already  characterized,  and  in  the 
vagina  they  may  even  be  paracrinely  stimulated  by  the  implanted  MDSC.  In  conclusion,  MDSC 
seeded  onto  degradable  scaffolds  may  constitute  a  promissory  approach  for  the  treatment  of 
vaginal  prolapse,  although  much^ further  work  is  needed  to  validate  and  optimize  the  procedure. 
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547  LEGENDS  TO  FIGURES 

548  Figure  1.  MDSC  differentiate  in  vitro  into  cells  that  express  smooth  muscle  cells  markers. 

549  Top:  MDSC  were  incubated  in  triplicate  for  up  to  56  days  on  collagen-coated  6-well  plates  in 
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550  DMEM  with  2.5  %  serum,  and  immunostained  at  various  periods  for  ASMA.  Panels  show  an 

551  early  incubation  (9  days)  at  200X.  Control:  no  addition;  TGF[!  1 :  5  ng/ml.  Bottom  left:  expression 

552  of  ASMA,  specific  SMC  marker  (calponin)  and  cell  proliferation  marker  (PCNA)  at  22  days,  by 

553  western  blot;  Bottom  right:  expression  of  mRNA  for  specific  SMC  marker  smoothelin  at  21  and 

554  49  days,  by  RT/real  time  PCR.  Values  are  expressed  as  ratios  against  the  respective  control. 

555  Figure  2.  MDSC  grow  in  vitro  on  biological  and  synthetic  scaffolds  and  undergo 

556  differentiation  into  SMC.  Left:  MDSC  were  seeded  on  1  X  1  cm  SIS  pieces  inside  12-well 

557  plates  in  DMEM/2.5%  serum  (with  TGFpi),  allowed  to  grow  for  2  weeks,  stained  with 

558  hematoxylin,  and  examined  under  a  reverse  phase  microscope  (100  X).  Middle:  MDSC  were 

559  seeded  on  Vicryl  polymeric  mesh  fragments  as  for  SIS,  stained  with  DAPI,  and  examined  under 

560  a  fluorescent  microscope  (200  X).  Right:  blue/red  fluorescent  overlay  of  cells  subjected  to 

561  innnunostaining  for  ASMA  with  a  Texas  red  secondary  antibody  (200  X). 

562  Figure  3.  MDSC  express  mRNAs  for  embryonic  stem  cell  markers  and  for  muscle-specific 

563  markers,  as  detected  by  DNA  microarrays.  Top  A:  RNA  was  isolated  from  MDSC  cultured  in 

564  duplicate  under  low  (2.5%)  or  Top  B:  high  (20%)  serum  for  3  weeks  and  hybridized  against  the 

565  stem  cell  Superarray  panel.  Bottom:  the  mRNA  levels  in  this  specific  experiment  were  calculated 

566  for  some  embryonic  stem  cell  markers,  and  also  for  other  selected  genes  identified  with  two 

567  other  panels  (OMM-37  and  OMM-055),  just  to  confirm  a  given  gene  expression. 

568  Figure  4.  Embryonic  stem  cell  and  muscle-specific  markers  are  also  detected  in  MDSC  by 

569  RT/PCR  and  western  blot,  although  they  are  expressed  at  low  levels  in  vaginal  tissue.  Left 

570  top  and  middle:  RNA  from  MDSC  and  from  tissues  as  indicated  were  subjected  to  RT/PCR,  and 

571  the  products  fractionated  by  agarose  gel  electrophoresis,  detecting  the  bands  by  ethidium 

572  bromide  staining;  Right:  MDSC  and  tissue  homogenates  as  indicated  were  subjected  to  western 

573  blot  and  immunodetection  as  indicated.  MGB:  myoglobin  (17  kDa),  GAPDH  (  35  kDa). 
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574  Figure  5.  MDSC  growing  on  SIS  scaffolds  differentiate  into  smooth  muscle  cells  when 

575  implanted  into  injured  vaginal  tissue  in  the  rat,  and  spread  away  from  the  site  of  injection. 

576  A:  Blue/red  fluorescence  overlay  of  vaginal  tissue  implanted  with  DAPI-tagged  MDSC/SIS 

577  following  hysterectomy  and  partial  vaginectomy,  and  subjected  to  ASM  A  red-fluorescence 

578  immunodetection,  focusing  in  the  muscularis  (200X).  Frozen  tissue  sections  (10%  formalin- 

579  fixed)  were  obtained  at  4  weeks  after  implantation.  Region  6  is  directly  in  the  site  of 

580  implantation  (suture  site  around  orifice),  and  region  5  is  immediately  distal;  B:  As  A,  but  in  more 

581  distal  sections,  3  and  1. 

582  Figure  6.  The  implanted  MDSC  persist  in  the  vagina  for  at  least  6  weeks  after  implantation 

583  and  may  be  traced  with  PKH26.  Top:  Separate  red  and  blue  filter  images  of  frozen  vaginal 

584  tissue  sections  (not  fixed)  in  region  5  at  4  weeks  after  implantation  of  SIS  with  cultures  of 

585  MDSC  tagged  with  both  PKH26  (red  fluorescence  in  membrane  and  cytoplasm)  and  DAPI  (blue 

586  fluorescence  in  nuclei)  (200X).  Bottom:  as  top,  but  at  6  weeks  (400X). 

587  Figure  7.  The  embryonic  stem  cell  marker  Oct-4  is  detectable  in  the  proximal  vagina  at  4 

588  weeks  after  surgery  and  its  expression  is  stimulated  in  the  vaginal  tissue  that  receive  the 

589  MDSC/SIS  implants.  Frozen  tissue  sections  were  fixed  with  2%  formaldehyde  for  10  min,  and 

590  subjected  to  immunohistochemistry  with  anti  Oct4  antibody  followed  by  immunoperoxidase- 

591  AEC  staining.  Left  row:  40X;  Mid  and  right  rows:  200X.  Tissues  as  indicated. 

592  Figure  8.  Implanted  MDSC/SIS  induce  regeneration  of  the  stratified  squamous  epithelium 

593  in  the  vagina  around  the  site  of  implantation.  Frozen  sections  for  region  5  (not  fixed)  were 

594  stained  with  hematoxylin  eosin.  Top  left:  intact  controls,  40X;  Top  right:  hysterectomized  rats, 

595  40X;  proximal;  Bottom:  hysterectomized  rats  with  MDSC/SIS,  200X,  at  two  areas  of  the  tissue 

596  section 
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597  Figure  9.  The  effect  exerted  by  MDSC  on  the  stratified  squamous  epithelium  is  confirmed 

598  by  immunohistochemistry  for  keratin  5.  A,C,E:  Frozen  sections  for  region  5  (not  fixed)  were 

599  reacted  against  an  antibody  for  keratin  5  that  was  detected  by  Texas  red  immunofluorescence, 

600  and  nuclei  were  counterstained  with  DAPI  (200X).  B,D,F:  Adjacent  sections  were  stained  with 

601  hematoxylin/eosin  (200X). 

602  Figure  10.  Implantation  of  SIS  with  MDSC  increases  the  cellular/extracellular  ratio  during 

603  vaginal  regeneration.  Top  and  middle:  Representative  pictures  of  frozen  tissue  sections  for 

604  region  5  (fixed  or  not)  at  8  weeks  that  were  subjected  to  Masson-trichrome  histochemistry 

605  (100X).  Bottom:  quantitative  image  analysis  for  10  fields  per  specimen,  3  specimens  per  rat,  and 

606  2  rats  per  group. 
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Nitric  oxide/cGMP  modulation  of  corporal  fibrosis  caused  by 

neuropraxia 
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Goals:  To  define  whether  PDE5  inhibitors  alone  or  in  combination  with  other  drugs  that  also  up-regulate  the 
NO/cGMP  pathway,  correct  not  only  the  underlying  histopathology  of  the  corpora  but  also  preserve  the  normal 
physiology  of  the  tissue.  In  addition,  to  clarify  the  mechanism  of  these  effects  by  determining  a)  to  what  extent 
different  damaged  tissues  are  affected  by  these  agents;  b)  what  role  nitric  oxide  (NO)  and  cGMP  have  on 
correcting  oxidative  stress  as  a  factor  inducing  corporal  tissue  damage  after  surgery;  and  c)  what  are  the 
downstream  targets  of  NO  and  cGMP  when  there  is  amelioration  of  corporal  tissue  damage. 
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